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Ab s t r a c t
The t r a n s f e r a b i l i t y  o f  t h e  one and two c e n t r e  
p a r a m e t e r  v a l u e s  u sed  i n  t h e  P a r i s e r - P a r r - P o p l e  method ( p -  
method)  has  b e en  i n v e s t i g a t e d  b o t h  f o r  a s e r i e s  o f  c o n j u ­
g a te d  c a r b o n y l  compounds and f o r  t h e  c o r r e l a t i o n  o f  c a l c u ­
l a t i o n  w i t h  d i f f e r e n t  t y p e s  o f  e x p e r i m e n t a l  d a t a .  E l e c t r o ­
n i c  e x c i t a t i o n  e n e r g i e s  and i o n i z a t i o n  p o t e n t i a l s  i n v o l v i n g  
t h e  TT o r b i t a l  and l o n e  p a i r  o r b i t a l  e l e c t r o n s  o f  t h e s e  
compounds have b e en  c a l c u l a t e d  by  t h e  P -m e th od .  The same 
p a r a m e t e r  v a l u e s  have b een  u sed  i n  s p i n  d e n s i t y  c a l c u l a t i o n s  
o f  t h e  a n io n  r a d i c a l s ,  t h e  s p i n  d e n s i t i e s  b e in g  c o r r e l a t e d  
w i t h  t h e  e x p e r i m e n t a l  e l e c t r o n  s p i n  r e s o n a n c e  c o u p l i n g  c o n ­
s t a n t s ,  The method o f  c a l c u l a t i n g  s p i n  d e n s i t i e s  i n v o lv e d  
an u n r e s t r i c t e d  H a r t r e e - F o c h  ground  s t a t e  f u n c t i o n  w i t h  
a n n i h i l a t i o n  o f  t h e  m a jo r  c o n t a m i n a t i n g  s p i n  m u l t i p l e t .
The e l e c t r o n i c  t r a n s i t i o n  e n e r g i e s  have b e en  
c a l c u l a t e d  f o r  some o f  t h e s e  c a r b o n y l  compounds by t h e  
m o l e c u l e s - i n - m o l e c u l e s  method (MIM m e th o d ) .
A f e a t u r e  o f  t h e  P-m ethod  and MIM method 
c a l c u l a t i o n s  h as  b e e n  t h e  i n c l u s i o n  o f  a one c e n t r e  e x ­
change  r e p u l s i o n  t e r m  b e tw ee n  t h e  l o n e  p a i r  and t h e  2p 
o r b i t a l s  on t h e  oxygen atom o f  t h e  c a r b o n y l  g r o u p .  T h i s  
t e r m  g i v e s  a c o r r e c t i o n  t o  t h e  “tt  m o l e c u l a r  o r b i t a l  and 
t h e  lo n e  p a i r  o r b i t a l  e n e r g i e s  and a l s o  g i v e s  r i s e  t o  t h e  
s m a l l  n — s i n g l e t - t r i p l e t  s p l i t t i n g  o b se rv ed  e x p e r i m e n ­
t a l l y  * 1
H y d ro g e n -b o n d in g  i n  h y d r o x y - q u i n o n e s  ha s  b een  
i n v e s t i g a t e d  by c o r r e l a t i o n  b e tw e e n  t h e  f o l l o w i n g ,
. (1 )  The e n e rg y  o f  t h e  l o w e s t  u n o c c u p ie d  m o l e c u l a r
o r b i t a l  c a l c u l a t e d  by t h e  Hlickel m ethod .
(2 )  The p o l a r o g r a p h i c  h a l f - w a v e  r e d u c t i o n  po ten t ia l ,
(3 )  The e n e rg y  o f  t h e  c h a r g e  t r a n s f e r  band u s i n g
a common d o n o r .
B o th  t h e  e x p e r i m e n t a l  o b s e r v a b l e s  (3) and (2 )  
were  measured i n  a p r o t i c  s o l v e n t s .
An e l e c t r o n  s p i n  r e s o n a n c e  s t u d y  o f  t h e  a n io n  
r a d i c a l s  o f  q u i n o n e s  and h y d r o x y - q u i n o n e s  i n  an a p r o t i c  
s o l v e n t  was a t t e m p t e d ,  t h e  f o r m a t i o n  o f  t h e  r a d i c a l s  b e in g  
t r i e d  by b o t h  c h e m ic a l  and e l e c t r o c h e m i c a l  means.
The f o l l o w i n g  work was made much e a s i e r  by 
t h e  a s s i s t a n c e  r e c e i v e d  f rom b o t h  t h e  D e p a r tm en t  o f  
C hem ica l  P h y s i c s  and t h e  Computing U n i t  a t  t h e  
U n i v e r s i t y  o f  S u r r e y .
I  am i n d e b t e d  p r i m a r i l y  t o  D r .  R. C r i n t e r  
f o r  h i s  g u i d a n c e  and e n t h u s i a s m  t h r o u g h o u t  t h i s  work .
I  would a l s o  l i k e  t o  t h a n k  D r .  G.R. P a r l e t t  f o r  h i s  keen  
i n t e r e s t  and h e l p ,  p a r t i c u l a r l y  i n  t h e  e l e c t r o n  s p i n  
r e s o n a n c e  s t u d i e s .  , The many d i s c u s s i o n s  w i t h  Mr. J .M .  
T a y l o r  on m o l e c u l a r  o r b i t a l  t h e o r i e s  were  o f  g r e a t  
v a l u e  and were  h i g h l y  a p p r e c i a t e d ,
A r e s e a r c h  s t u d e n t s h i p  from  t h e  S c i e n c e  
R e s e a r c h  C o u n c i l  i s  g r a t e f u l l y  ackn o w le d g ed .
Thanks  a r e  a l s o  due t o  my f i a n c e e  M iss  J . E .  
. S t r i n g e r  f o r  t y p i n g  t h i s  t h e s i s .
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8CHAPTER 1
MOLECULAR ORBITAL THEORY AND OBSERVED ENERGIES
1 41 ■ I n t r o d u c t i o n
The f a i l u r e  o f  C l a s s i c a l  m e c h an ic s  t o  e x p l a i n  
t h e  o b se rv e d  phenomena o f  m o l e c u l e s  (and a t o m s ) i s  w e l l  
known and b a r e l y  d e s e r v e s  r e - s t a t e m e n t *  A means o f  
t r e a t i n g  such  sy s te m s  i s  a f f o r d e d  by Quantum m e c h a n i c s ,  
and i n  such  m ec h an ic s  i t  i s  t h e  S c h r d d i n g e r  e q u a t i o n  o r ,  
i n  i t s  more s p e c i f i c  fo r m ,  t h e  H a m i l t o n i a n  o p e r a t o r  w hich  
i s  o f  p a r t i c u l a r  u s e  i n  c a l c u l a t i n g  t h e  e n e r g i e s  and 
d i s t r i b u t i o n s  o f  e l e c t r o n s  i n  m o l e c u l e s .  The e i g e n f u n c ­
t i o n  a f f o r d s  a d e s c r i p t i o n  o f  t h e  m o le c u le  i n  a p a r t i c u ­
l a r  e n e rg y  s t a t e ,  and o p e r a t i o n  by t h e  H a m i l t o n i a n  on 
t h i s  e i g e n f u n c t i o n  g i v e s  t h e  e i g e n v a l u e  o r  o b se rv e d  
e n e r g y  o f  t h e  m o l e c u l e .  I n  t h e  c a s e  o f  m o l e c u l e s  such  
an e i g e n f u n c t i o n  i s  t e rm e d  a m o l e c u l a r  o r b i t a l .
I n  t h i s  c h a p t e r  t h e  fo rm  o f  t h e  H a m i l t o n i a n  
o p e r a t o r  and a s im p le  manner i n  w h ic h  i t  may be u se d  
t o  c a l c u l a t e  o b se rv e d  ground  s t a t e  e l e c t r o n i c  e n e r g i e s  
i n  m o le c u l e s  w i l l  be d e v e l o p e d .  T h i s  w i l l  s e r v e  a s  a 
p l a t f o r m  from w h ic h ,  i n  l a t e r  c h a p t e r s ,  more r i g o r o u s  
and complex m ethods  o f  c a l c u l a t i n g  o b se rv e d  e n e r g i e s  
w i l l  be d e s c r i b e d ,  and a l s o  w i t h  t h e s e  m ethods  t h e
9
spin, d e n s i t y  i n  m o le c u l e s  w i l l  be d i s c u s s e d .  The e n e r ­
g i e s  c a l c u l a t e d  f o r  t h e  ground s t a t e  and t h o s e  c a l c u l a t e d  
f o r  e x c i t a t i o n  o f  an  e l e c t r o n  i n  a m o le c u le  w i l l  be com­
p a re d  w i t h  e x p e r i m e n t a l l y  o b se rv ed  e n e r g i e s .  A l s o ,  t h e  
c a l c u l a t e d  s p i n  d e n s i t i e s  w i l l  be c o r r e l a t e d  w i t h  e x p e r i ­
m e n ta l  d a t a  a f f o r d e d  by e l e c t r o n  s p i n  r e s o n a n c e  s t u d i e s .
1 . 2  The H a m i l t o n i a n  O p e r a t o r  ( 1 , 2 )
/\
An a c t  o f  o b s e r v a t i o n  A w i l l  n o t  e f f e c t  a d i s ­
t u r b a n c e  on a sy s te m  i f  t h e  sy s te m  i s  i n  an  e i g e n s t a t e
/S
a s  d e s c r i b e d  by t h e  e i g e n f u n c t i o n  ^ F n * Thus A<^n = any n 5 
where t h e  e i g e n v a l u e  an  i s  t h e  r e s u l t  o f  t h e  o b s e r v a t i o n .  
T h i s  o b s e r v a t i o n  may be  e x p r e s s e d  i n  quantum m e c h a n i c a l  
t e r m s ,  and f o r  t h e  o b s e r v a t i o n  o f  t h e  e n e r g y  o f  an  a tom 
o r  m o le c u le  i s  c a l l e d  t h e  H a m i l t o n i a n  o p e r a t o r .  When 
d i s c u s s i n g  m o l e c u l a r  e l e c t r o n i c  p r o p e r t i e s  t h e  B o r n -  
Oppenheimer a p p r o x i m a t i o n  (3)  i s  invo k ed  w i t h  t h e  
r e s u l t  t h a t  an  e l e c t r o n i c  H a m i l t o n i a n  may be s e p a r a ­
t e d  ou t  f rom  t h e  c o m p le te  H a m i l t o n i a n
t f - l L V L  -  I  ZNe 2/ r i N  +  Z l e l r ,  W  1 # 1
i t  < w 2 ■ n a ■ 1M 3> i  10 )
u  n
e l
8 - t t ^
N d e n o t e s  n u c l e i ;  i ,  j and n d e n o t e  e l e c t r o n s .
F or  a m o le c u le  even  t h i s  s i m p l i f i e d  H a m i l t o n i a n  
i s  t o o  complex  f o r  t h e  e i g e n f u n c t i o n  t o  be g i v e n  a n a l y t i ­
c a l  fo rm .  Thus an a p p r o x i m a t e  method o f  s o l u t i o n  i s  u s e d ,  
such  a method b e in g  a f f o r d e d  by t h e  V a r i a t i o n  P r i n c i p l e  
(*+*>5). I n  m o l e c u l a r  o r b i t a l  t h e o r y  t h e  e i g e n f u n c t i o n  
i s  te rm ed  a m o l e c u l a r  o r b i t a l  (MO) w h ich  i s  u s u a l l y
10 :J
a p p ro x im a te d  a s  a l i n e a r  c o m b i n a t i o n  o f  some b a s i s  f u n -  }' 
c t i o n s  c jp .  o f t e n  r e g a r d e d  a s  a to m ic  o r b i t a l s  (LCAO m e th o d ) .  |j
' f  = 1L  1 ,2
S u b s t i t u t i n g  e q u a t i o n  1 . 2  i n t o  t h e  e x p r e s s i o n
E = ^  Y  | y  y  I H^ 9 and i mPo s i n g ' the I!
V a r i a t i o n  c o n d i t i o n  t h a t  ^ E / ^ c ^  = 0 r e s u l t s  i n  t h e  \t
s e c u l a r  e q u a t i o n s
Y . C>u/ - s ^ e )  = o 1.3
, where  i s  a  one e l e c t r o n  I
o p e r a t o r ,  and S F o r  a  n o n - t r i v i a l  s o l u -  u;| 
t i o n  t h e  s e c u l a r  d e t e r m i n a n t  i s  z e r o  d e t .  | j =0
F o r  a s e t  o f  o r t h o n o r m a l  b a s i s  f u n c t i o n s  d e t .
| ^  [ = 0 ? where  K r o n e c k e r ' s  d e l t a  |
S ^ i s  0 fo ry u ,  ■£ D and 1 foryU- = u  .
F o r  n o n - d e g e n e r a t e  e i g e n v a l u e s  i t  may be  shown (26) t h a t  j 
s i n c e  t h e  H a m i l t o n i a n  i s  H e r m i t i a n  t h e  MOs a r e  o r t h o g o n a l  j;
= 0 , and hen ce  Hrg  = < % M T s > = Er s  W s *  I
I f  d e t .  j Y /jlu  -  E | = 0 i s  d i a g o n a l i z e d  t h e n  e a c h  of  
t h e  on d i a g o n a l  t e r m s  r e p r e s e n t i n g  a n o n - d e g e n e r a t e  e i g e n -  j:
v a l u e  Er  may be a s s i g n e d  t o  one o f  an  o r t h o n o r m a l  s e t  o f  j
MOs, t h e  c o e f f i c i e n t s  o f  t h e  b a s i s  f u n c t i o n s  i n  the.MO :
b e in g  o b t a i n e d  f rom  t h e  s e c u l a r  e q u a t i o n s .  When d e g e n e r a -  ■; 
c i e s  o c c u r  t h e  p ro b lem  i s  a l i t t l e  more complex  b u t  q u i t e  
r e a d i l y  r e s o l v e d .  I
i
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l * 3 T t L  E l e c t r o n  Sys tem s and t h e  Htickel  A p p r o x im a t io n s  ( 6 , 7 )  
The a s s u m p t io n  i s  made inHMO t h e o r y  t h a t  aTT -  
e l e c t r o n  sy s te m  may he  t r e a t e d  s e p a r a t e l y  f rom t h e  o ,  -  
o r b i t a l s .  The IT -  o r b i t a l s  a r e  a p p ro x im a te d  a s  a l i n e a r  
c o m b in a t io n  o f  some b a s i s  f u n c t i o n s  p e r p e n d i c u l a r  t o , t h e  
m o l e c u l a r  p l a n e .
The f u r t h e r  Htickel a p p r o x i m a t i o n  i s  made t h a t  
t h e  t o t a l  e l e c t r o n i c  H a m i l t o n i a n  o f  t h e  IT -  sy s te m  i s  
g i v e n  by t h e  sum o f  one e l e c t r o n  o p e r a t o r s ,  n e c e s s i t a t i n g  
t h e  a s s u m p t io n  t h a t  e i t h e r  e l e c t r o n - e l e c t r o n  r e p u l s i o n  
t e r m s  a r e  n e g l i g i b l e  o r  t h a t  t h e  one e l e c t r o n  H a m i l t o n i a n  
t a k e s  t h i s  r e p u l s i o n  i n t o  a c c o u n t  i n  some a v e r a g e  way.
I n  e i t h e r  c a s e  t h e  i m p o r t a n t  p o i n t  i s  t h a t  no  s p e c i f i c  
form need  be g i v e n  t o  t h e  one e l e c t r o n  H a m i l t o n i a n  C H  ) .
I n  an i d e n t i c a l  manner t o  t h a t  p r e v i o u s l y  d e s ­
c r i b e d  a s e c u l a r  d e t e r m i n a n t  may be o b t a i n e d  i n  t e r m s  o f  
t h e  Coulomb i n t e g r a l < ^ ( j ) ^ |  , d e n o te d o C ^ ,  and t h e
r e s o n a n c e  i n t e g r a l ^ C ^ l ^ l c J ) ^ , d e n o te d  . The a s s u n p -
t i o n s  a r e  u s u a l l y  made t h a t  f o r  a tom s i n  a p a r t i c u l a r  
v a l e n c e  s t a t e o ^ i s  a c h a r a c t e r i s t i c  o f  atony-*. a n d y S , ^  , 
w h ich  i s  t a k e n  a s  Wxx 20ro on ly  f o r  n e a r e s t  n e i g h b o u r  a to m s ,  
i s  c h a r a c t e r i s t i c  o f  t h e  bond b e tw ee n  a to m sy x .a n d  ju  , 
b o t h  q u a n t i t i e s  b e in g  r e g a r d e d  a s  t r a n s f e r a b l e  f rom m o le ­
c u l e ,  t o  m o l e c u l e .
As no a n a l y t i c a l  form has  b een  g i v e n  t o  t h e  
b a s i s  f u n c t i o n s  t h e y  may j u s t  a s  w e l l  be assumed t o  be  
o r t h o g o n a l  a s  n o t ,  t h e  s e c u l a r  d e t e r m i n a n t  t h e n  b e in g
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e x p r e s s i b l e  i n  t e r m s  o f  a n d y ^ ^  o n l y .
T h i s  s e r i e s  o f  a p p r o x i m a t i o n s  c o n s t i t u t e s  
Htickel  m o l e c u l a r  o r b i t a l  (HMO) t h e o r y .
1 th  H e t e r o a t o m i c  Sys tem s
ii C-X bond 9 where  X i s  a h e t e r o a t o m ? may be 
r e a d i l y  i n c o r p o r a t e d  i n t o  t h e  HMO method by a j u d i c i o u s  
c h o ic e  o f o f x an^ / 3 cx p a r a m e t e r  v a l u e s .  T hese  v a l u e s  a r e  
e x p r e s s e d  i n  t e r m s  o fo< Q andySc c , v i a  t h e  e m p i r i c a l  r e l a -  
t io n s c x ^ .  - O f ,  + hx ^5c c , -  ^ c x / ^ c c !
The r e g u l a r  v a r i a t i o n  i n  t h e s e  p a r a m e t e r s  a s  X 
p r o c e e d s  a lo n g  a row o r  column i n  t h e  p e r i o d i c  t a b l e  may
be r e a d i l y  e x p l a i n e d  i n  q u a l i t a t i v e  t e r m s  by c o n s i d e r i n g  
t h e  accompanying change  i n  n u c l e a r  c h a r g e  and d i a m a g n e t i c  
s h i e l d i n g ,  S t r e i t w i e s e r  (;,6) h a s  g i v e n  an e x c e l l e n t  d i s ­
c u s s i o n  o f  t h i s  t o p i c  w i t h  a u s e f u l  t a b l e  o f  a v e r a g e  p a r a  
m e t e r  v a l u e s ,  a l t h o u g h  a f i n a l  a d j u s t m e n t  may be r e q u i r e d  
f o r  a p a r t i c u l a r  u s e .
The u s u a l  c o n v e n t i o n  i s  t o  puty(3c c t = 1 and
C*' = 0 9 g i v i n g  t h e  h a s  on d i a g o n a l  t e r m s  and t h e  kc x cx
a s  o f f  d i a g o n a l  t e r m s  o f  t h e  s e c u l a r  d e t e r m i n a n t .  The 
r e s u l t i n g  e i g e n v a l u e s  a r e  e x p r e s s e d  a s  Er  = ° ^  + 'X r / 4 j c f 
where  t h e  x^  a r e  t h e  r o o t s  o f t t h e  s e c u l a r  d e t e r m i n a n t ,
1*5 Koopman! s Theorem (8 )
T h i s  t h e o r e m  s t a t e s  t h a t  on i o n i z i n g  a m o le ­
c u l e  t h e  MOs r e m a in  u n c h a n g e d ,  w h ich  means t h a t  t h e  
i o n i z a t i o n  p o t e n t i a l  ( I P )  o f  a m o le c u le  i n  an  i d e a l
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v a p o u r  s t a t e  w i l l  be e q u a l  t o  t h e  n e g a t i v e  o f  t h e  e n e rg y  
o f  t h e  h i g h e s t  o c c u p ie d  MO. S i m i l a r l y , t h e  e l e c t r o n  
a f f i n i t y  (A) may be e q u a t e d  t o  t h e  n e g a t i v e  o f  t h e  en e rg y  
o f  t h e  l o w e s t  u n o c c u p ie d  MO. The r e s u l t s  o f  t h e  th e o r e m  
may be e x te n d e d  t o  o b t a i n  c o r r e l a t i o n  b e tw ee n  c a l c u l a t e d  
MO e n e r g i e s  and e n e rg y  d a t a  f rom s o l u t i o n  work*
1*6 C o r r e l a t i o n  b e tw ee n  P o l a r o g r a p h i c  H a l f  Wave P o t e n ­
t i a l s  (Ex ) ,  Charge  T r a n s f e r  E n e r g i e s  (Eg^ ) and C a l c u l a t e d  
MO E n e r g i e s
F o r  a r e v e r s i b l e  one e l e c t r o n  r e d u c t i o n  
M + e 5  M" i t  may be shown (Appendix  1 ( 6 , 9 )  ) t h a t
F E | ed = -  « X + x ryS) ■+ (g ° ) h + ^ E s o l  i n
W ith  a s e r i e s  o f  h y d r o c a r b o n s ,  s a y ?Z^ES0^ w i l l
d e c r e a s e  a s  t h e  s i z e  o f  t h e  h y d r o c a r b o n s  i n c r e a s e ,  s i m u l ­
t a n e o u s l y  -E - w i l l  d e c r e a s e  r e s u l t i n g  i n  a c r u d e  p r o p o r t i o n ­
a l i t y  b e tw ee n  Er  a n d Z ^ E SQ-p w hich  may be i n c o r p o r a t e d  i n  
t h e  s l o p e  o f  t h e  l i n e a r  r e l a t i o n
E;[ec^  = -  b x  + c 1*52 r
S i m i l a r l y  f o r  a r e v e r s i b l e  one e l e c t r o n  o x i d a t i o n
E?A = -  b l x_ n + c ‘ 1*62 r -1
where  b ,  b 1 , c and c ’ a r e  c o n s t a n t s .
The a b s o r p t i o n  e n e rg y  E^rp o f  an i n t e r m o l e c u l a r  
c h a r g e  t r a n s f e r  (CT) t r a n s i t i o n  b e tw e e n  a d o n o r  o f  i o n i ­
z a t i o n  p o t e n t i a l  1^ and an a c c e p t o r  o f  e l e c t r o n  a f f i n i t y
A i s  g i v e n  by a
ECT “ ^  ” Aa ” G 
where  C, t h e  Coulombic  e n e rg y  o f  t h e  c h a r g e  t r a n s f e r
s t a t e ,  i s  r a r e l y  c a l c u l a b l e  (10 ,  11 ,  1 2 ) .  We may t h e n  
w r i t e
e c t  = h  " c + (c> r+  XtA '* '  1 , 8
F o r  a  g i v e n  d o n o r  and e i t h e r  an  assumed c o n ­
s t a n c y  o f  t h e  Coulombic  t e r m  o r  an assumed l i n e a r  v a r i a ­
t i o n  of  t h i s  t e r m  w i t h  E we haver
Ect = k  x r  + f  1*9
S i m i l a r l y  f o r  a  g i v e n  a c c e p t o r  we may w r i t e
E - -  = k 1 x  t + f* 1 .1 0CT r - 1
where  k ,  k* , f  and f* a r e  c o n s t a n t s .
The u s e f u l n e s s  o f  HMO t h e o r y  i n  t h e  f o r e g o i n g  
r e l a t i o n s  has  b e en  s u c c e s s f u l l y  d e m o n s t r a t e d  f o r  u n s a t u r a ­
t e d  and a r o m a t i c  h y d r o c a r b o n s  ( 6 , 1 3 , 1**, 1 5 , 1 6 , 9 5 17)5 
a r o m a t i c  a l d e h y d e s  ( 6 ) ,  a r o m a t i c  am ines  ( 1 7 , 1 8 ), and
q u in o n e s  (19)* A l s o , a  l i n e a r  c o r r e l a t i o n  b e tw ee n  r ' 
r edEi_ and E ^  f o r  a r o m a t i c  h y d r o c a r b o n s  (20 )  and q u in o n e s  
( 2 1 ) has  b een  shown.
However, t h e  c ru d e  manner  i n  w h ich  e l e c t r o n  
r e p u l s i o n  i s  t r e a t e d  i n  HMO t h e o r y ,  w h i l e  g i v i n g  g r e a t  
s i m p l i c i t y ,  makes t h e  t h e o r y  u n s u i t a b l e  f o r  an  a c c u r a t e  
d e s c r i p t i o n  o f  e l e c t r o n i c  e x c i t a t i o n .  A more s o p h i s t i c a ­
t e d  method t a k i n g  e x p l i c i t  a c c o u n t  o f  e l e c t r o n  r e p u l s i o n  
i s  a f f o r d e d  by t h e  s e l f  c o n s i s t e n t  f i e l d  method (SCF) a s  
d i s c u s s e d  i n  C h a p t e r  2 .
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CHAPTER
SELF CONSISTENT FIELD (SCF) THEORY (2 ,  22 ,  25)
2 C1 N o m e n c la tu re
Cp  AO ; ^ N O  ; i ?  m o l e c u l a r  s p i n  o r b i t a l  (MSO) 5
a s s i g n e d  t o  a MSO which  i s  a f u n c t i o n  o f  b o t h  sp a c e  and 
s p i n  c o - o r d i n a t e s .  The t o t a l  n  e l e c t r o n  wave f u n c t i o n  
f o r  t h e  ground c o n f i g u r a t i o n  i s  b u i l t  up a s  an  a n t i ­
sym m etr ized  p r o d u c t  o f  MSOs obey ing  t h e  P a u l i  E x c l u s i o n  
P r i n c i p l e  ( 2 6 ) .  Such a p r o d u c t  f u n c t i o n  i s  te rm ed  a 
S l a t e r  d e t e r m i n a n t  (22)*
2  c o n f i g u r a t i o n !  " X s t a t e #  roman s u b s c r i p t s  MOs and 
MSOs, g r e e k  s u b s c r i p t s  AOs*
2#2 B a s i c  T heory
Each e l e c t r o n  i n  an n e l e c t r o n  sy s te m  i s
2 , 1
The t o t a l  e n e r g y  i s  g i v e n  by
2 , 2
10 
n
We may w r i t e  J /  + -? 2«3 ^ '“e l  i  j > i  13
S u b s t i t u t i n g  e x p r e s s i o n  2 .1  i n t o  2*2 g i v e s  
E = Z  h i  + H  (J q -  K ) 2 A
r - a  rr  r>s r s  rs
where K , s = < l y  ( i )  rpg ( i ) |  1/ r .  . | ^>s (3 ) 7 r  ( J ) >
J r s  = < ? r  ^  ? r  ^  | ? s (3 )  ? s (3 > >
. H=r  = < 7 r  [ ^  ° I ? r >
may be improved by g i v i n g  more f r ee d o m  t o  q  a 
say  by combin ing  w i t h  ^ i n  t h e  form  7 a +Ct 7 t ’
where i s  o r t h o g o n a l  t o  t h e  o c c u p ie d  MSOs 7 a '" "  7k'
/ t
Thus T o  = T o ^ T a  9 where  ^ a i s  a s i n g l y  e x c i t e d  
c o n f i g u r a t i o n  i n  which  an e l e c t r o n  h a s  b e en  prom oted  f rom 
7 a  t o  7 t -  F o r  t o  be t h e  b e s t  s i n g l e  d e t e r m i n a n t  
wave f u n c t i o n  r e q u i r e s  t h a t < ^ ' J /o j d e n o te d
be z e r o .  Now
k
Fat = "at ' 5 a< 7 . (1> 7t 7 S ( J ) >
-<7a(1) 7a (1). 1/rij| ?s<J) 7 t (i)> 2'5
D e f i n i n g  an o p e r a t o r
s=a 4 = -  K s > 2 -6
w h e r e a n d  are th e m se lv e s  d e f in e d  by th e  e x p r e s s i o n s
(fs)at = < 7 a (W 7 t (1)
( h h = < ? a ( i ) ? s < 1 >
1/ r i j |  7 s (3 )  7 s ( 3 ) >
1/ r u l ? s (3) 7 t ( 3 ) >
th en  Fa t  ^ 0 ^?t iS  an e i g enfunc,k i 0tt
o f  *4" then  F  ^ = . 0 ,  and l i k e w i s e  f o r  a l l  th e  occupied
MSOs . .  * „ o« A lso ,  i f  th e  s e t  7 a  " " " 7 k  are
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e i g e n f u n c t i o n s  o f  f t h e n ^ a l ’t  | 7 b >  = 0 e t c .  Con­
v e r s e l y  9 i f  t h e  c o m p le te  nF n m a t r i x  i s  d i a g o n a l i z e d  t h e  
r e s u l t i n g  MSOs w i l l  be e i g e n f u n c t i o n s  o f  *4"and 3 ^  
be t h e  b e s t  s i n g l e  d e t e r m i n a n t  d e s c r i p t i o n  of  t h e  ground 
c o n f i g u r a t i o n .  F u r t h e r ,  t h e  on d i a g o n a l  t e r m s  Fr r  w i l l  
be t h e  MO e n e r g i e s *  Thus
(F , -  S i E , ) = 0 2 . 7r k  ° r k  r k
k
where F = E = h  + V "  ( J  -  K '  2 .8r r  r  r r  r s  r ss=a
The t o t a l  e l e c t r o n i c  e n e rg y  f o r  a l l  r  i s  g i v e n
from  e x p r e s s i o n s  2 . k and 2 .8  a s
k
e  = y ~  s  -  y ~  ( j  e -  k  e ) 2 .9
r = a  r  TTs  r s  r s
U n l ik e  HMO t h e o r y  t h e  t o t a l  IT  - e l e c t r o n  e n e r g y  
i s  n o t  g i v e n  by t h e  sum o f  t h e  o r b i t a l  e n e r g i e s .
2 .3  Koopman! s Theorem
I f  an e l e c t r o n  i s  removed f rom f j  ^ say  w i t h o u t
a f f e c t i n g  t h e  o t h e r  XJ t h e n  t h e  wave f u n c t i o n  o f  t h e
p o s i t i v e  i o n  i s  
•¥
¥ o ( ( n - 1 ) J ) “ 2 | 7 b ( 1 ) r?c ( 2 ) . . . .  ( n - 1 )
I t  f o l l o w s  t h a t  
+ k
E = 2 1  H° + T  ( J  -  K ) 
r^b rr ?>i  rs r s '
r ^ a ?s^ a
Hence E -  E , w h ich  may be e q u a t e d  t o  t h e  n e g a t i v e  o f
t h e  v e r t i c a l  I P ,  i s  e q u a l  t o  E, . T h e r e f o r e  Koopman’ sa
th e o re m  i s  f o r m a l l y  a p p l i c a b l e  i n  SCF t h e o r y .
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2 .b  C lo se d  S h e l l
F o r  t h e  p u r p o s e s  of c a l c u l a t i n g  e l e c t r o n i c
t r a n s i t i o n  e n e r g i e s  o n ly  t h e  c lo s e d  s h e l l  e l e c t r o n i c  
c o n f i g u r a t i o n  need  he  c o n s i d e r e d  i n  t h i s  w ork .  F o r t u ­
n a t e l y  t h i s  c o n s i d e r a b l y  s i m p l i f i e s  t h e  m a t h e m a t i c s .
I n  t h e  a b s e n c e  o f  s p i n - o r b i t  c o u p l i n g  e a c h  MSO may be 
f a c t o r i z e d  i n t o  a MO and a s p i n  f u n c t i o n .  F o r  a c l o s e d  
s h e l l  t h e  MSOs may be  t a k e n  i n  p a i r s ,  e a c h  p a i r  c o n s i s ­
t i n g  o f  a s i n g l e  MO w i t h  e i t h e r  o f  two m u t u a l l y  o r t h o g o ­
n a l  s p i n  f u n c t i o n s .  We may t h e n  r e p l a c e  e a c h  XJ by e i t h e r  
^  ( e x ' s p i n )  o r  ^  ( y S s p i n ) , E q u a t i o n s  2 » 5 9 2 , 8  and 2 .9
may t h e n  be  r e s p e c t i v e l y  r e d u c e d  t o  t h e  f o l l o w i n g ,  where
i n t e g r a t i o n  i s  o v e r  sp ace  c o - o r d i n a t e s  o n l y ,
k
AOs or  o f  some b a s i s  f u n c t i o n s  ( s e e  e x p r e s s i o n  1 . 2 ) .  
S u b s t i t u t i o n  o f  e x p r e s s i o n  1 .2  i n t o  2 . 7  and e x p an d in g  
g i v e s  t h e  s e c u l a r  e q u a t i o n s
w h e r e ,  f o r  a n o n - t r i v i a l  s o l u t i o n  and an assumed o r t h o ­
g o n a l i t y  o f  t h e  b a s i s  f u n c t i o n s ,  we have
Fa t  = Ha t  + J -  < r a ( i ) d t ( 1 ) l 1/ q ; j | f s « ) i ' s ( j ) >s=a J
r r 2.12
The MOs a r e  t a k e n  a s  a  l i n e a r  c o m b i n a t i o n  o f
( yUOJ “ ) — O' 2,13
" -h ) ”  0 2 , m
The d e r i v a t i o n  o f  t h i s  s e c u l a r  e q u a t i o n  i s  
due t o  Roothaan  (22)* The e v e n t u a l  e x p r e s s i o n  o f  
F a n d  i n  t e r m s  o f  one and two c e n t r e  i n t e g r a l s
f o r  a p p l i c a t i o n  t o  IT - e l e c t r o n  sy s te m s  was g i v e n  i n d e ­
p e n d e n t l y  by P a r i s e r  and P a r r  (23)  and P o p le  ( 2 ^ ) ,  
h e r e i n a f t e r  r e f e r r e d  t o  a s  t h e  P -m e th o d ,
2*5 'E x p a n s io n  of  F ^
The e x p a n s i o n  o f  F ^ i n  t e r m s  o f  one and two 
c e n t r e  i n t e g r a l s  w i l l  n o t  be g i v e n  i n  detail. -* b u t  a  few
i m p o r t a n t  g e n e r a l  c o n s i d e r a t i o n s  w i l l  be d i s c u s s e d ,
c c cE x p a n s io n  o f  Ha .^ g i v e s  t h e  t e r m s  H a n d  •
h^ . =
= <  % . { +  y  + ^ v e q r v *  |
V* i s  t h e  p o t e n t i a l  f i e l d  o f  a s o l e l y  ex. bonded n e u t r a l  
atom e , g ,  h yd rog en  i n  a r o m a t i c  h y d r o c a r b o n s ,  w h e re a s  
i s  t h e  p o t e n t i a l  f i e l d  o f  a p o s i t i v e  c o r e  a tom i n  t h e  
IT - e l e c t r o n  sy s te m .
The f o l l o w i n g  t r e a t m e n t  i s  due  t o  G o e p p e r t -  
Mayer and S k l a r  ( 2 7 ) .
The p o t e n t i a l  f i e l d  o f  t h e  c o r e  ^ ( V ^ ( l )  ) i s  
e q u a l  t o  t h e  p o t e n t i a l  f i e l d  o f  t h e  n e u t r a l  a tom (V^ ( 1 ) )  
minus t h e  p o t e n t i a l  o f  i t s  Zp e l e c t r o n s ,
Ve (1 )  = V (1 )  " Ze /  <2 ) %  <2 ) e  2/ r 12d v 2
Thus ^  + < P l / y ^ > ) ~  T t i  I j y ^ y
where t h e  common n o m e n c la t u r e
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< ^ C 1 ) | l / r 12 | <J>^  ( 2 ) <))X (( 2 ) >
has  b e e n  a d o p t e d .  F o r  s i m p l i c i t y  t e r m s  o f  t h e  t y p e
< V (1) ch J(1)l1/ri2l4)e (2) (& (2) >
w i l l  he d e n o te d  b y ^ C ^  cj)^ [ w i t h  t h e  o r d e r i n g
o f  e l e c t r o n s  b e in g  u n d e r s t o o d ,
E> -  = « ^ . | H  c [ ^ >
I -  *■V 2 + >  + U ,  I
L < 5 H  v e f ^  >  + Z < V l v * l ^ >+ 2yU. orj^ " ' "T~
Of t h e  t e r m s  on t h e  RH3 t h e  f i r s t  i s  g e n e r a l l y  
d e n o te d  by and i s  t a k e n  a s  n o n - z e r o  f o r  n e a r e s t
n e i g h b o u r  atoms o n l y .  F o r  t h e  second t e r m  t h e  a p p ro x im a ­
t i o n  i s  made t h a t  < t ~ l ve l < t > a , > =  -  z e < < M d
T h i s  t e r m  i s  t h e n  n e g l e c t e d  u n d e r  t h e  z e r o
d i f f e r e n t i a l  o v e r l a p  (ZDO) a p p r o x i m a t i o n  (28 )  w h ich  i s  
c o n s i s t e n t  w i t h  t h e  u s u a l  n e g l e c t  o f  o v e r l a p .  W hile  t h e  
t h i r d  t e r m  c a n n o t  be e x p r e s s e d  i n  a l i k e  manner  i t  may 
be n e g l e c t e d  on t h e  b a s i s  o f  z e r o  o v e r l a p  o f  b a s i s  f u n c ­
t i o n s .
The r e s u l t i n g  e x p r e s s i o n s  f o r  F y * ,  anc  ^ a r e
F ^ u .  = > .  + i  (Pf e  -  - < 0  |
- ^ < x  1 / ^ / A .y  2 - 1 ?
^Acaj ~ W P ^ jj Xyu-xi 2 . 1 6
A f u l l e r  a c c o u n t  o f  t h e  above  a p p r o x i m a t i o n s  
has  b e e n  g i v e n  by P o p le  ( 2*+),
I n  o r d e r  t o  s o l v e  e q u a t i o n  2 .1 3  an i t e r a t i v e
ap r o c e d u r e  t h r o u g h  and i s  f o l l o w e d  u n t i l  t h e
r e q u i r e d  c o n v e rg e n c e  l i m i t  i s  r e a l i s e d .  The MO e n e r g i e s
may t h e n  he o b t a i n e d  from t h e  e x p r e s s i o n '
E = F = V  C2 F 2 .1 7r  r r  y**
2 •6 E l e c t r o n i c  I n t e r a c t i o n  (29)
The r e p u l s i o n  b e tw ee n  e l e c t r o n s  l e a d s  t o  i n t e r ­
a c t i o n  be tw een  e x c i t e d  c o n f i g u r a t i o n s , t h e r e f o r e  t h e  
e l e c t r o n i c  e x c i t a t i o n  e n e r g i e s  c a n n o t  be g i v e n  s im p ly  by 
t h e  d i f f e r e n c e  i n  MO e n e r g i e s *  The i n c l u s i o n  o f  c o n f i g u ­
r a t i o n  i n t e r a c t i o n  (C l )  i n t o  MO t h e o r y  overcomes a b a s i c  
f a u l t  o f  u n d e r e s t i m a t i n g  e l e c t r o n  c o r r e l a t i o n s  T h i s  i s 5 
i n  f a c t 9 e q u i v a l e n t  t o  t h e  i n t r o d u c t i o n  o f  i o n i c  c o n f i g u ­
r a t i o n s  i n t o  v a l e n c e  bond (VB) t h e o r y  ( s e e ? f o r  e x a m p le ? 
r e f e r e n c e  ( 2 5 ))*
For  s i m p l i c i t y  on ly  t h e  C l  i n v o l v i n g  s i n g l y  
e x c i t e d  c o n f i g u r a t i o n s  w i l l  be c o n s i d e r e d  a s  i t  h a s  b e en  
shown (3 0 ) t h a t  d o u b ly  e x c i t e d  c o n f i g u r a t i o n s  a r e  i m p o r ­
t a n t  o n ly  f o r  h i g h  e n e r g y  t ^ n d s  due t o  a s t r o n g  i n t e r ­
a c t i o n  be tw een  s i n g l y  e x c i t e d  and d o u b ly  e x c i t e d  c o n f i g u ­
r a t i o n s  o f  co m p a rab le  e n e r g y .  E x p r e s s i o n s  f o r  t h e  Cl i n ­
v o l v i n g  s i n g l y  e x c i t e d  c o n f i g u r a t i o n s  ha s  b e e n  g i v e n  by 
P o p le  (29)  f o r  t h e  g e n e r a l  c a s e  where  SCF MOs a r e  n o t
u s e d .  The i n t e r a c t i o n  t e r m ^ J ' "  | | ^  r e p r e s e n t s
k 1 _  r  . s
t h e  i n t e r a c t i o n  b e tw ee n  t h e  c o n f i g u r a t i o n s  x  and x
k  . i
c o r r e s p o n d i n g  t o  t h e  o r b i t a l  jumps H i — and -
p £
r e s p e c t i v e l y *  < ¥  , 1 x 1  ¥ „ >  r e p r e s e n t s
k -
22
r
t h e  i n t e r a c t i o n  b e tw ee n  t h e  c o n f i g u r a t i o n  x  an-^  t h e
- k
s i n g l e t  g round  c o n f i g u r a t i o n  . W ith
< T k ( l )  T r ( l )  I l / r 12 f H p C )  f s ( 2 ) >  d e n o te d  by 
b.k r | 1 s^>
< Ivf k l ^ l  1' f 0>  = ^  Frk 2- 18
b .  ' f  | ( H  | f  ' y  ^ k l  ^  r s  > 0 ~ ^  k l  Fr s  ” ^ r s  Fl k
k X
+ 2 < k r  j' ls^>-  <^k 1 | r s ^  2.19
< 3 ¥ ^ | K .  I 3 T J > "  h d .  S  rs BS  S k l  Frs -h - s  Flk
- <  k l  | r s >  2 .20
where F  ^ = h1  + X  2 ^ a t  | ss^>-<^as | r t y
S OCCo
These  e x p r e s s i o n s  may be  g r e a t l y  s i m p l i f i e d  f o r  
t h e  p r e s e n t  p u r p o s e s  s i n c e  t h e  o f f  d i a g o n a l  t e r m s  o f  t h e  
F m a t r i x  a r e  z e r o  by d e f i n i t i o n  i n  SCF t h e o r y .  The onX o
d i a g o n a l ? o r  i n t e r c o n f i g u r a t i o n a l ? t e r m s  o f  t h e  Cl m a t r i x  
a r e  o b t a i n e d  when k = l  and r = s .
The s i n g l y  e x c i t e d  c o n f i g u r a t i o n s  may be e i t h e r  
s i n g l e t  o r  t r i p l e t  c o n f i g u r a t i o n s .  I n  t h e  a b s e n c e  o f  
s p i n - o r b i t  c o u p l i n g  t h e  t r i p l e t  c o n f i g u r a t i o n s  do n o t  
mix w i t h  e i t h e r  t h e  e x c i t e d  s i n g l e t s  o r  t h e  s i n g l e t  
g round  c o n f i g u r a t i o n  b e c a u s e  o f  s p i n  o r t h o g o n a l i t y .  T h i s  
z e r o  i n t e r a c t i o n  b e tw e e n  c o n f i g u r a t i o n s 9 or  b e t t e r 5 
s t a t e s  o f  d i f f e r e n t  m u l t i p l i c i t y  b e in g  a g e n e r a l  s p e c t ­
r a l  f e a t u r e .
The C l  m a t r i x  b e tw e e n  a l l  t h e  s i n g l y  e x c i t e d
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c o n f i g u r a t i o n s  may u s u a l l y  be f a c t o r i z o d  i n t o  s m a l l e r  
m a t r i c e s 5 e ac h  o f  w h ich 'm ay  be  a s s i g n e d  t o  a p a r t i c u l a r  
symmetry,  D i a g o n a l i z a t i o n  o f  e a c h  m a t r i x  g i v e s  t h e  
e n e r g i e s  o f  t h e  s t a t e s  o f  t h e  p a r t i c u l a r  symmetry 
s p e c i e s  and t h e  c o n t r i b u t i o n s  o f  e a c h  c o n f i g u r a t i o n  t o  
a  p a r t i c u l a r  s t a t e .  S i n c e  t h e  ground  c o n f i g u r a t i o n  d o e s  
n o t  mix w i t h  e i t h e r  t h e  s i n g l e t  o r  t r i p l e t  e x c i t e d  c o n ­
f i g u r a t i o n s  i t  may be  d e n o te d  a s  a s t a t e .  The s t a t e  
e n e r g i e s  w i l l  t h e n  d i r e c t l y  r e p r e s e n t  t h e  e l e c t r o n i c  
e x c i t a t i o n  e n e r g i e s .
I t  sh o u ld  be p o i n t e d  ou t  t h a t  Group T heory  
(319 3 2 ) makes f u l l  u s e  o f  t h e  symmetry o f  a  m o le c u le  
i n  o r d e r  t o  p r e d i c t  t h e  way i n  w h ich  t h e  Cl  m a t r i x  w i l l  
be  f a c t o r i z e d  and t o  p r e d i c t  t h e  f o r b i d d e n e s s  o r  o t h e r ­
w ise  o f  an e l e c t r o n i c  t r a n s i t i o n .  In  t h i s  work t h e  
g ro up  t a b l e s  o f  W i l s o n ,  D e c iu s  and C r o s s  were u se d  (33)*
2 . 7  The Lone- P a i r  O r b i t a l
On e n e r g e t i c  g ro u n d s  i t  would seem r e a s o n a b l e  
t o  c o n s i d e r  t h e  oxygen atom i n  t h e  c a r b o n y l  g ro u p  a s  b e in g  
e s s e n t i a l l y  u n h y b r i d i z e d  (1 0 ,  3*+)» T h i s  c o n c l u s i o n  i s  
s u p p o r t e d  by a b - i n i t i o  c a l c u l a t i o n s  on f o rm a ld e h y d e  (3 5 )• 
Thus we have  one l o n e  p a i r  o f  e l e c t r o n s  i n  a 2p o r b i t a l  
and a n o t h e r  i n  t h e  2s o r b i t a l .  I n  t h e  p r e s e n t  c a l c u l a ­
t i o n s  on c a r b o n y l  compounds i t  i s  u n n e c e s s a r y  t o  c o n s i d e r  
t h e  l o n e  p a i r  i n  t h e  2 s o r b i t a l  a s  t h e y  a r e  a t  t o o  deep  
an e n e r g y  ( a s  a r e  t h e  I s  lo n e  p a i r )  t o  be i m p o r t a n t  ( 1 0 ) ,
2 b
The 2p lo n e  p a i r  o r b i t a l  (n )  and t h e  oxygen 2p o r b i t a l  
i n  th eT T  “-system (~TT0 ) a r e  m u t u a l l y  p e r p e n d i c u l a r .
Under t h e  2D0 a p p r o x i m a t i o n  t h e  o n ly  c o n t r i b u ­
t i o n  o f  t h e  i n t e g r a l s V n -  i s  g i v e n  by
t h e  one c e n t r e  exchange  r e p u l s i o n  t e r m ^ ® ^  =<^ni^ j i[ Qn ^
e v a l u a t e d  a s  0 .9 0 3  eV C37)•  . T h i s  t e r m  has  p r e v i o u s l y
b e en  i n c l u d e d  by Sidman (3 6 ) i n  t h e  c a l c u l a t i o n  o f  t h e
o f f  d i a g o n a l  t e r m s  o f  t h e  n  -*>7T* Cl m a t r i c e s  o f  a number
o f  c a r b o n y l  compounds. In  t h i s  -work t h e  i n c l u s i o n  o f  
ex
t h e  \  t e rm  h as  b e e n  e x te n d e d  t o  g i v e  c o r r e c t i o n s  t od m r 0
t h e  MO e n e r g i e s  o f  t h e l T - s y s t e m  and t h e  n - o r b i t a l  e n e r ­
g i e s .  T h i s  i s  an  improvement  on S id m a n ' s  work (36 )  o f
s im p ly  g i v i n g  t h e  n - o r b i t a l  e n e r g y  a c o n s t a n t  v a l u e  o f
\ / e x- 1 0 . 5  eV and i g n o r i n g  t h e  e f f e c t  o f  t h e  Y t e r m  on
n ^ o
t h e  MO e n e r g i e s .
( i ) O r b i t a l  E n e r g i e s
The e x p a n s i o n  o f  F , ha s  b e e n  c l e a r l y  demons-
a t
t r a t e d  by M u r re l  (10 )  f o r  IT  - o r b i t a l s  o n l y .  W ith  t h e  
i n c l u s i o n  o f  t h e  one c e n t r e  ex change  t e r m s  we o b t a i n  t h e  
f o l l o w i n g  e x p r e s s i o n s ,  where  p e n e t r a t i o n  h a s  n o t  b e en  
i n c l u d e d  f o r  s i m p l i c i t y  a s  i t  d o e s  n o t  . e n t e r  i n t o  t h e
c o r r e c t i o n s  f o r  and F ^ j j
ex
5 *^*. -  Um.+ a 2 - 21
> i J  ~ / ^ x / r Pm j j  C ~ i  2 * 2 2
C o n s i d e r i n g  t h e  d i f f e r e n c e  b e tw e e n  t h e s e
I !
e x p r e s s i o n s  f o r  and F and t h o s e  g i v e n  by
S jr  X
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e q u a t i o n s  2 .1 5  and 2 .1 6  f o r  and r e s p e c t i v e l y  we 
a r r i v e  a t  t h e  r e s u l t s  summarised  be low .
t .e,x
TTo » t  = n FT0 i r 0 -  % 0 TTo £
>
ofli
t ex/ “ - = n 9 o(=il F -nn F =nn
1“ 2 p ir0 IT o ^  nTT0
><- = n 5 JJ ~ 1T0
i
F
nlro
F
"®0 = 0
(P-To n )“ 0
We now need  t o  c o n s i d e r  t h e  e f f e c t  o f  t h o s e
ex
a d d i t i o n a l  t e r m s  a r i s i n g  f rom  t h e  i n c l u s i o n  o f  g n t r o
on t h e  F and F „ ( r  ^  s )  m a t r i x  e l e m e n t s .  The l a t t e r  r r  r s
m a t r i x  e l e m e n t s  r e m a in  u n a l t e r e d  s i n c e  Z ^ F  _  = 0,  F o r
'o
t h e  l o n e  p a i r  o r b i t a l  i t  may be  r e a d i l y  d e m o n s t r a t e d  t h a t
Fr r  ( r::::n) anc  ^ F ^ c C / ^ n )  a r e  e q u a l .  F o r  r  r e p r e s e n t i n g  a
I T -  MO andytc = t t 0 we have  .from e x p r e s s i o n  2 . 1 7
2 •
F*r r -  Fr r Z.cr-r0 ^ t t o T T o  " %dnb)
9 ex
C?-  X:%  r "Tr0 m r0
Y 6X Tf0 TT o 6 mro
and E_ = ET - X  Crir0X n'r(
Hence En S -  J  P. n  *
lo
Now Fnn TJ + n nn <pf e  -  a e > X . e
ex
■ ■ pt e  • Xn e
The f i r s t  two t e r m s  on t h e  RHS may be  t r e a t e d  
a s  a s i n g l e  p a r a m e t e r ,  s e r v i n g  a s  t h e  e n e r g y  b a s i s  o f
2.23
2 . 2*+
2 .25
t h e - n  o r b i t a l *  Koopman’ s th e o re m  w i l l  be in v ok ed  f o r  
t h e  n  o r b i t a l  o f  a w ide  r a n g e  o f  c a r b o n y l  compounds,
Un + tfn n  b e in g  a d j u s t e d  t o  g i v e  t h e  b e s t  f i t  o f  Fnn 
w i t h  t h e  e x p e r i m e n t a l  n  IPs*
( i i )  C o n f i g u r a t i o n  I n t e r a c t i o n  Terms
A n a l y s i s  o f  a l l  t h e  p o s s i b l e  c o m b i n a t i o n s  o f
or7r*  CDlr *i n t e r a c t i o n s  b e tw ee n  t h e  c o n f i g u r a t i o n s  x n  and
(Appendix  2)  shows t h a t  o f  t h i r t y  p o s s i b l e  f i n i t e  t e r m s
ex
o n ly  two i n c l u d e  X  _  * These  two t e r m s  e n t e r  o n ly  i nun T no ex
t h e  n “$>T* Cl m a t r i x ,  t h e  c o r r e c t i o n s  2 C-^-* ^ H o ^ X n T T o
and 2 C^ o* ^ 0  b e in g  made ' t o v j j i  I H l l n  >  and 
1 ^ r e s p e c t i v e l y .
ex
The i n c l u s i o n  o f  t h e  V  t e r m  i n  t h e
6 n lT o
n -5>ii Cl  m a t r i x  e l e m e n t s  i s  i m p o r t a n t  s i n c e  t h i s  g i v e s
r i s e  t o  t h e  s m a l l  n  ~>TT* s i n g l e t  -  t r i p l e t  s e p a r a t i o n
o b se rv e d  i n  p r a c t i c e  (3 6 ) .
ex
The X c o r r e c t i o n  t o  t h e  n  and~TT o r b i t a l
0*17T 0
e n e r g i e s  sh o u ld  p r o p e r l y  be  made a t  t h e  end o f  e a c h  
i t e r a t i o n .  However,  f o r  s i m p l i c i t y ,  t h i s  c o r r e c t i o n  was 
on ly  a p p l i e d  t o  t h e  o r b i t a l  e n e r g i e s  o b t a i n e d  a f t e r  s e l f  
c o n s i s t e n c y  had b e e n  r e a c h e d  w i t h  n e g l e c t  o f  t h i s  c o r ­
r e c t i o n .
At t h e  c o m p l e t i o n  o f  t h i s  work a s i m i l a r
t r e a t m e n t  o f  n  o r b i t a l s  f o r  some N - h e t e r o c y c l i c  m o le -
ex
c u l e s  was p r e s e n t e d  (3 8 ) a l t h o u g h  t h e  Y  c o r r e c t i o n
** 0
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t o  t h e  TT - o r b i t a l  e n e r g i e s  was n e g l e c t e d .  .
2 . 8  P e n e t r a t i o n  I n t e g r a l s
Brown and H ef fe rm an  (39) c a l c u l a t e d  t h e  p e n e ­
t r a t i o n  i n t e g r a l s  f o r  fo rm a ld e h y d e  f rom t h e  t a b l e s  o f  
R oo thaan  (M-O) u s i n g  S l a t e r  o r b i t a l s ,  t h e  v a l u e s  o f  t h e  
e f f e c t i v e  n u c l e a r  c h a r g e s  b e in g  o b t a i n e d  by means o f  t h e  
s e l f  c o n s i s t e n t  e l e c t r o n e g a t i v i t y  method* T hese  t a b l e s  
have  a l s o  b e e n  u se d  t o  c a l c u l a t e  u s i n g  a
s i n g l e  v a l u e  o f  S l a t e r ’ s e f f e c t i v e  n u c l e a r  c h a r g e s  f o r  
t h e  c a r b o n  a to m s .  However,  Ruedenberg  (*+2) r e g a r d s  t h e  
c a l c u l a t i o n  o f  C I c c ^ a s  r e q u i r i n g  two d i f f e r e n t  v a l u e s  
o f  S l a t e r ’ s c h a rg e s *  He u se d  a v a l u e  o f  3*236 f o r  t h e  
o r b i t a l  e x p o n e n t  o f  t h e  p e n e t r a t i n g  e l e c t r o n s  ( Z ) ,  w h ich  
i s  c l o s e  t o  t h e  v a l u e  o f  3*25 o b t a i n e d  f rom  S l a t e r ’ s 
r u l e s  (^3)*  P r a c t i c a l l y  s p e a k in g  t h e  v a l u e  o f  Z i s  
u n i m p o r t a n t  s i n c e  <CClCC>is  i n s e n s i t i v e  t o  t h i s  p a r a ­
m e t e r .  The v a l u e  o f  2 .2 5 7  u se d  f o r  t h e  o r b i t a l  e x p o n e n t  
o f  t h e  s h i e l d i n g  e l e c t r o n s  (Z ) i s  f a r  d i f f e r e n t  f rom  
t h e  S l a t e r  v a l u e , and < C | C C > i s  v e r y  s e n s i t i v e  t o  v a l u e s  
o f  t h i s  p a r a m e t e r .  I t  . i s  t h e  d i f f i c u l t y  i n  a s s i g n i n g  a 
d e f i n i t e  v a l u e  t o  Z , i f  in d e e d  t h i s  l a t t e r  a p p r o a c h  i s  
c o r r e c t ,  w h ich  g i v e s  g r e a t  u n c e r t a i n t y  i n  t h e  c a l c u l a t e d  
v a l u e s  o f  < C lC Q >  . M cC le l lan d  f t l ) ?  d u r i n g  P-m ethod  
c a l c u l a t i o n s  on a r o m a t i c  k e t o n e s ,  s u g g e s t e d  t h a t  t h e  
p e n e t r a t i o n  i n t e g r a l s  be t a k e n  a s  n o n - z e r o . f o r  n e a r e s t  
n e i g h b o u r  a toms o n l y .  I t  can  be  shown (*f2) that<Cc[CC^>
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v a l u e s  f a l l  o f f  s t e e p l y  w i t h  d i s t a n c e ,  t h u s  l e n d i n g  
s u p p o r t  t o  t h i s  view* W hile  t h i s  o b s e r v a t i o n  g i v e s  s im ­
p l i f i c a t i o n  w i t h  r e g a r d  t o  t h e  number o f  p e n e t r a t i o n  
i n t e g r a l s  t o  be c o n s i d e r e d  t h e r e  a r e  r e p u r c u s s i o n s .
Us ing  R u e d e n b e r g ’ s v a l u e s  o f  Z and Z we have f o r  example,
r ( a )  1.25 1.3 1.35 1.5 '1 .5 5  1.5
< c lc c >  (eV) -3.71 -3.23 -2.81 -2.5-5 -2 .12 -1 .85
I n  v iew o f  t h e  u n c e r t a i n t y  i n  t h e  m o l e c u l a r  d i m e n s i o n s  
f o r  most  o f  t h e  m o l e c u l e s  i n  t h i s  work i t  must  be  co n ­
c lu d e d  t h a t  t h e  e v a l u a t i o n  o f< ^ € |C C ^ > is  r e n d e r e d  m e a n in g ­
l e s s  owing t o  i t s  s e n s i t i v i t y  t o  i n t e r a t o m i c  d i s t a n c e s .  
T h i s  c o n c l u s i o n  w i l l  p r o b a b l y  be t r u e  f o r  <Co|CC)>and 
^ H | C C ^ b u t  has  n o t  b e e n  t e s t e d  s i n c e  i t  i s  f e l t  t h a t  
e i t h e r  a l l  o r  none  of  t h e  p e n e t r a t i o n  i n t e g r a l s  sh o u ld  
be  c a l c u l a t e d  t h e o r e t i c a l l y .
2 . 9  One C e n t r e  Core I n t e g r a l s  UiA ,
As a f i r s t  a p p r o x i m a t i o n  t o  U ^ t h e  G o e p p e r t -  
Mayer and S k l a r  a p p r o x i m a t i o n  (27)  may be  invoked  i n  
w hich  i s  e q u a te d  t o  t h e  n e g a t i v e  o f  t h e  v a l e n c e  s t a t e  
IP o f  atomyuu. F o r  an sp h y b r i d i z e d  c a r b o n  atom t h e  
v a l u e  o f  1 1 .2 2  eV (¥+) f o r  t h e  IP o f  t h i s  v a l e n c e  s t a t e ,  
c a l c u l a t e d  from a to m i c  s p e c t r a l  d a t a ,  i s  g r e a t e r  t h a n  
t h e  v a l u e  o f  9*95 eV (*+5) f o r  t h e  IP o f  t h e  m e th y l  
r a d i c a l .  T h i s  d i f f e r e n c e  i s  c e r t a i n l y  due f o r  t h e  l a r g e '  
p a r t  t o  t h e  o s  -bond r e - o r g a n i z a t i o n  e n e r g y  o f  t h e  C-H 
bonds  on i o n i z a t i o n  and t o  t h e  e f f e c t  o f  t h e  < h | c c >
i n t e g r a l s ,  The a t t i t u d e  employed i n  t h i s  work i s  t o  
assume t h a t  t h e  e x  -bond r e - o r g a n i s a t i o n  e n e rg y  of  m o le ­
c u l e s  w i l l  o n ly  e x te n d  t o  n e a r e s t  n e i g h b o u r  a to m s ,  t h e n  
U/*, is r e g a r d e d  a s  a c o r p o r a t e  t e r m  i n c l u d i n g  ex -bond r e ­
o r g a n i s a t i o n  e n e r g y  and p e n e t r a t i o n  f o r  n e a r e s t  n e i g h ­
b o u r s  o n l y .  Thus i s  t a k e n  a s  a e m p i r i c a l  p a r a m e t e r  
w hich  n o t  o n ly  d e p en d s  on t h e  a t  onyx  b u t  a l s o  d e p en d s  
on t h e  n e a r e s t  n e i g h b o u r  e n v i r o n m e n t .  F u r t h e r ,  i t  has  
b e en  assumed t h a t  t h e  c o n t r i b u t i o n  o f  e a c h  t y p e  o f  
bond t o  i s  c o n s t a n t  and i n d e p e n d e n t  o f  bond d i s t a n c e « 
i n  t h i s  work t h e  c o n t r i b u t i o n  of  e a c h  c a r b o n  atom and 
e a c h  h y d ro g e n  atom t o  t h e  c o m p o s i t e  t e r m  U were  t a k e nV-/
a s  -0*21  eV and 0 r e s p e c t i v e l y .  T hese  v a l u e s  were  o r i ­
g i n a l l y  t a k e n  a s  t h e  d i f f e r e n c e  i n  t h e  c a l c u l a t e d  v a l u e s  
o f  <C |C C  >  ( d l )  and < h |  CC >  ( 3 9 ) ,  b u t  i n  t h i s  work such  
a s i g n i f i c a n c e  i s  t o  be a b an d o n e d .  I t  i s  d e b a t a b l e  w h e t ­
h e r  t h e s e  c o n t r i b u t i o n s  sh o u ld  be  i n c l u d e d  i n  v iew o f  
t h e i r  u n c e r t a i n t y .  However,  t h e  c a l c u l a t i o n  o f  s p i n  d e n ­
s i t i e s  i s  s e n s i t i v e  t o  t h e  r e l a t i v e  v a l u e s  o f  Uc c o r r e ­
sp on d in g  t o  c a r b o n  a toms i n  d i f f e r e n t  n e a r e s t  n e i g h b o u r  
e n v i r o n m e n t s .  T h i s  would seem t o  be p a r t i c u l a r l y  a p p l i ­
c a b l e  t o  t h e  b e n z y l  r a d i c a l  (*®8 )« F o r  t h i s  r e a s o n  t h e  
d i f f e r e n c e  i n  h y d ro g e n  and c a r b o n  c o n t r i b u t i o n s  t o  U .
C '
was i n c l u d e d ,  and i t  was hoped t h a t  t h e  a r b i t r a r y  c h o i c e  
would be j u s t i f i e d  by s u c c e s s  w i t h  t h e  s p i n  d e n s i t y  c a l ­
c u l a t i o n s .  The b a s i s  o f  IT was t a k e n  a s  -9 * 1 5  eV t o  g i v e
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t h e  'bes t  a g re em e n t  b e tw ee n  t h e  c a l c u l a t e d  (Koopmands 
th e o r e m )  and e x p e r i m e n t a l  IT IP s  o f  e t h y l e n e ,  b u t a d i e n e  
and benzene#
As rem arked  by M cC le l lan d  ( k l )  Uc f o r  a c a r ­
b o n y l  g rou p  would be a n t i c i p a t e d  t o  be f a r  d i f f e r e n t  
f rom U i n  an a r o m a t i c  hy d ro ca rb o n #  The c o n t r i b u t i o n  
o f  oxygen t o  U. o f  c a r b o n  i n  t h e  c a r b o n y l  g ro u p  and a l s o  
UQ were found by f i t t i n g  t h e  ESR sp e c t r u m  o f  p - b e n z o -  
semi q u in o n e  ( k 9 ) t o  t h e  c a l c u l a t e d  s p i n  d e n s i t i e s #
The oxygen c o n t r i b u t i o n  t o  Uc was - 0 . 3 2  eV and U0 was 
found  t o  be  - 1 6 . 2 7  eV* T h i s  p o i n t  w i l l  be e x p l a i n e d  i n
more d e t a i l  i n  C h a p t e r  10#
The c o m p o s i t e  Uc v a l u e s  f o r  t h e  d i f f e r e n t  
n e a r e s t  n e i g h b o u r  e n v i r o n m e n t s  e n c o u n t e r e d  i n  t h i s  work 
a r e
C C H  H C H  0 0 0
\ /  \ y  \ /C C C C C c
I I I - / \  / \ . / \
C C C C C C H H H
- 9 .7 8 .  - 9 . 3 6  - 9 . 5 7  - 9 . 9 2  - 9 . 7 1  - 9 . 5 0
The v a l e n c e  s t a t e  IP o f  oxygen i s  g i v e n  a s  
1 7 .3 2  eV (36)  b u t  t o  r e p r o d u c e  t h e  IT IP  o f  f o r m a l d e ­
hyde a ssum ing  t h e  v a l i d i t y  o f  Koopman’ s t h e o re m  Sidman
(36)  u sed  U = -  1 3 .0  eV# T h i s  v a l u e  o f  U h a s  b e en  0 0
u se d  q u i t e  e x t e n s i v e l y  i n  t h e  l i t e r a t u r e  ( 5 0 , 5 1 ) so 
t h a t  i t  i s  r a t h e r  u n f o r t u n a t e  t h a t  t h e  e x p e r i m e n t a l
IP of* f o rm a ld e h y d e  u sed  f o r  t h i s  c o r r e l a t i o n  by -Sidman 
was n o t  a -yr IP ( 6 0 ) .  I t  may a l s o  be se en  f rom S id m an’ s 
work t h a t  t h e  c a l c u l a t e d  TT IP o f  p - b e n z o q u in o n e  i s  ^ 2  eV 
s m a l l e r  t h a n  t h e  e x p e r i m e n t a l  v a l u e  when t h i s  p a r a m e t e r  
v a l u e  i s  used*
2* 10 Two C e n t r e  R esonance  I n t e g r a l s
P a r i s e r  and P a r r  (23 )  found  t h a t  y£?c c »
= -  2 . 3 7  eV (R , = 1 . 3 9  I  ) and &  , = -  2 . 9 2  eVV_/ (-/ / O N-'
(R „ . i  = 1 . 3 5  £ ) gave  t h e  b e s t  i n t e r p r e a t i o n  o f  t h e  
b e n z e n e  and e t h y l e n e  e l e c t r o n i c  s p e c t r a  r e s p e c t i v e l y *
These  v a l u e s  were  t h e n  u s e d  t o  c a l i b r a t e  t h e  c o m p i r i c a l  
r e l a t i o n
/ $ CQ' = k ‘ e " 0lW: - 2 5 1 7 .5  e ~ 5 <0°7  R« 'e V
I n  t h i s  work t h e  v a l u e s  o f  &  t and were/  cc A 'c o
c a l c u l a t e d  from t h e  e x p r e s s i o n  ( 2 8 , *+7 )
~ k  S um  (1 -  ) 2*26
The P a r i s e r - P a r r  v a l u e  ofy £ QC i = -  2*37 ©V ( \ CF 1*39 2. )
was t a k e n  a s  t h e  c a l i b r a t i n g  v a l u e  g i v i n g  k = 12*696 eV.
T h i s  c h o i c e  of  P ° r  c a l i b r a t i o n  i s  n o t  s t r i c t l y
r i g o r o u s  a s  d i f f e r e n t  e l e c t r o n  r e p u l s i o n  i n t e g r a l s  have
b e en  u s e d  i n  t h i s  w ork ,  b u t  a s  i t  can  be shown t h a t  t h e
d i f f e r e n c e  i s  o n ly  s l i g h t  t h e  r e s u l t i n g  e r r o r  w i l l  be
n e g l i g i b l e ,  The o v e r l a p  i n t e g r a l s  were  c a l c u l a t e d  f o r
S l a t e r  2p o r b i t a l s  w i t h  t h e  e f f e c t i v e  n u c l e a r  c h a r g e s
(3 * 2 ? )  and Z, (*+*55) b e in g  o b t a i n e d  from S l a t e r ’ s o o
r u l e s  (h3)* S t v a l u e s  were  c a l c u l a t e d  fromV-/ V-/
Cl
^ i
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o 2 ^
= e " v 2  ( L + 0 / 2 + 0 / l o  + 0 / 1 2 0 )  (>+8)cc
where  P = Z R i / a  and a i s  t h e  Bohr  r a d i u s *  Sb/ L» U U t/ U
v a l u e s  were  c a l c u l a t e d  f rom  t h e  t a b l e s  o f  M u l l i k e n ,
R i e k e ,  O r l o f f  and Or1 o f f  0+8).
S u r p r i s i n g l y ? w i t h  R j- . . in  t h e  r a n g e  
1 .3 1  -  1 . 5 2  2  and R i n  t h e  r a n g e  1 . 1 5  -  1 .2 3  2  p l o t sV U
ofy5 c c i / R c c t a n d / S co/ R co were  l i n e a r ,  c o r r e l a t i o n  c o e f f i ­
c i e n t s  i n  b o t h  c a s e s  d i f f e r i n g  from u n i t y  o n ly  i n  t h e
f i f t h  d e c i m a l  p l a c e .  The r e l e v a n t  e q u a t i o n s  a r e
A  , =  2*656 R i -  6.061 eV 2 .27a/  cc cc
ygco = 3 .0 7 2  Rco -  5 .8 8 6  eV 2.27b
2 .1 1  Two C e n t r e  Coulomb I n t e g r a l s
The two most  commonly u se d  m ethods  o f  o b t a i n i n g  
v a l u e s  f o r  t h e  e l e c t r o n  r e p u l s i o n  i n t e g r a l s  a r e
due t o  P a r i s e r  and P a r r  (2 3 ,  53 ? ?+) and N i s h im o to  and 
M ataga  ( 5 5 ) .  The p o i n t  c h a r g e  a p p r o x i m a t i o n  o f  P o p le
(2 b )  was n o t  u s e d  h e r e  s i n c e  t h i s  a p p r o x i m a t i o n  g i v e s
t o o  h i g h  v a l u e s  a t  s h o r t  d i s t a n c e s  « 5  £  s a y ) .  The 
P a r i s e r - P a r r  method o f  u n i f o r m l y  c h a rg e d  s p h e r e s  was 
a d o p te d  i n  t h i s  work where  e a c h  2p o r b i t a l  i s  a p p ro x im a ­
t e d  by two t a n g e n t i a l l y  c h a r g e d  s p h e r e s  o f  r a d i u s  d e t e r ­
mined f rom a d i r e c t  c o m p a r is o n  of  c a l c u l a t e d
t h e o r e t i c a l l y  u s i n g  S l a t e r  o r b i t a l s  and ^/iyL\ c a l c u l a t e d  
u s i n g  c h a rg e d  s p h e r e s .
F o r  t h e  r e a c t i o n .  C + C —>  C+ + C~ t h e  e n e r g y  
change  u n d e r  t h e  HTT - e l e c t r o n  a p p r o x i m a t i o n  i s  g i v e n
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by I  -  A (53 )  'where I  and An a r e  t h e  i o n i z a t i o n
p o t e n t i a l  and e l e c t r o n  a f f i n i t y  r e s p e c t i v e l y  o f  a  c a r b o n  
atom i n  i t s  sp ^  v a l e n c e  s t a t e ,  ^ ow) ( cc = 1-1 *22 -  0*69 eV 
= 10*53 ©V (53)  "whereas t h e  t h e o r e t i c a l  v a l u e  u s i n g  
S l a t e r  o r b i t a l s  i s  16*93 eV (56)* T h i s  d i s c r e p a n c y  i s  
c o n s i d e r e d  a s  a r i s i n g  from  n e g l e c t  o f  e l e c t r o n  c o r r e l a ­
t i o n  i n  t h e  t h e o r e t i c a l  c a l c u l a t i o n  (5 7 ) •  P a r i s e r  and 
P a r r  c a l c u l a t e d  Y i f o r  R t '> 2 * 8  £ u s i n g  c h a rg e d
U vv v
s p h e r e s  and e x t r a p o l a t e d  b a c k  t o ^ cc  = 10*53 ©V assum ing  
a r e l a t i o n  o f  t h e  form
V c c '  =  1 0 , 5 3  + a Rc c '  +  b Rc c '
Sidman (36 )  h a s  u sed  f o r m u la e  o f  t h i s  t y p e  f o r  ^  t
and ^  c i r  • F o r  t h e  r e p u l s i o n  i n t e g r a l  ^ c-n“ ^ co = 0
he has assumed t h a t ^  CTo = ( ^ co / 2 .  The
f u r t h e r  a p p r o x i m a t i o n  was made t h a t  a l l  t h e  two c e n t r e  
r e p u l s i o n  i n t e g r a l s  i n v o l v i n g  t h e  l o n e  p a i r  a r e  g i v e n  
by t h e  c o r r e s p o n d i n g  fo r m u la e  i n v o l v i n g  t h e  f p  0 o r b i t a l  
on t h e  same oxygen a tom. As w i l l  be d e m o n s t r a t e d  l a t e r  
f o r  t h e  c a s e  o f  g l y o x a l  t h i s  i s  a  f a r  b e t t e r  a p p r o x i m a ­
t i o n ,  even  a t  s h o r t  d i s t a n c e s ,  t h a n  m ig h t  be a n t i c i p a t e d *  
S i n c e  q u a d r a t i c  c u r v e s  o f  t h e  P a r i s e r - P a r r  t y p e  
can  o n ly  c o i n c i d e  w i t h  two o f  t h e  ^ u ^ v a l u e s  c a l c u l a t e d  
u s i n g  c h a r g e d  s p h e r e s  l a r g e  s c a l e  g r a p h s  o f  'fa u j  / R y u j j  
were  c o n s t r u c t e d  w i t h  a  r e a d i n g  o f f  e r r o r  o f  -  0*01 eV* 
E x t r a p o l a t i o n  b a c k  t o  = 0 can  be shown t o  be  a lm o s t
u n i q u e .
e l e c t r o n  r e p u l s i o n  i n t e g r a l s  a r e  t h o s e  c a l c u l a t e d  from 
a to m ic  v a l e n c e  s t a t e  d a t a  by P a r k s  and P a r r  ( 3 7 ) ? w i t h
t h e  a d d i t i o n  o f  t h e  v a l u e  f o r CTTr (Ro CO
0 ) d e r i v e d
from S id m an’ s a p p r o x i m a t i o n  g i v e n  p r e v i o u s l y ,
cc
X
Q c-ir0
Xn l r o
10.8V2
1>+.671
12..757
12.865
M o d i f i c a t i o n s  t o  t h e  v a l u e s  o f  e l e c t r o n  r e p u l ­
s i o n  . i n t e g r a l s  may be  made by t h e  method o f  N i s h im o to  
( 5 2 ) in""which t h e c x  and T T  e l e c t r o n s  a r e  t r e a t e d  a s  a 
!Tsea '(! o f  d i e l e c t r i c  m edia  and t h e  I T  e l e c t r o n s  a r e  c o n ­
s i d e r e d  t o  be on o p p o s i t e  s i d e s  o f  t h e  m o l e c u l a r  p l a n e  
f o r  a d j a c e n t  atoms* T h i s  i s  a s y s t e m a t i c  t r e a t m e n t ,  b u t  
i n  v iew o f  t h e  u n c e r t a i n t y  i n  t h e  e v a l u a t i o n  o f  e l e c t r o n  
r e p u l s i o n  i n t e g r a l s  by b o t h  t h e  P a r i s e r - P a r r  and t h e  
N ish i rn o to -M a ta g a  m ethods  and t h e  s u b s e q u e n t  s m a l l n e s s  
o f  t h e  c o r r e c t i o n  su ch  a c o r r e c t i v e  p r o c e d u r e  h as  n o t  
b e e n  a d o p te d  h e r e .  F u r t h e r ,  t h e  improvement  o b t a i n e d  
by N i s h im o to  i n  c a l c u l a t e d  s t a t e  e n e r g i e s  f o r  some 
a r o m a t i c  h y d r o c a r b o n s  i s  n o t  r e g a r d e d  a s  h av in g  g r e a t  
s i g n i f i c a n c e  s i n c e  t h e  P-m ethod  u se d  i n v o l v e d  a l i n e a r  
r e l a t i o n  b e tw e e n y ^ ,^ a n d  P ^ j^ ?  a r e l a t i o n  w h ich  i s  d i s -
c u s s e d  l a t e r  and c o n c lu d ed  t o  be o f  d o u b t f u l  v a l i d i t y *
2»12 T r a n s i t i o n  D i p o l e  Moments and O s c i l l a t o r  S t r e n g t h s
The t r a n s i t i o n  d i p o l e  moment M ^ b e tw e e n  s t a t e s
and^X^ i s  d e f i n e d  by M ^ =<s X a I M| ”X ^ ( 5 8 )  where
M = 2 1  e „ r „ «  e:„ and r  a r e  t h e  c h a r g e  and t h e  p o s i t i o nu  u u  u  u  °
t  hv e c t o r  r e s p e c t i v e l y  o f  t h e  u  c h a rg ed  p a r t i c l e .  I f  o n ly
th eT T  - e l e c t r o n s  a r e  b e in g  c o n s i d e r e d  t h e n  we may w r i t e
M = e I v l  e ^ r ^  where  i  r e f e r s  t o  t h e T T  e l e c t r o n s  
i  N
and N t o  t h e  c o re  n u c l e i .  These  t e r m s  i n v o l v i n g  s t a t e s  
may be decomposed i n t o ,  sums o f  t e r m s  i n v o l v i n g  c o n f i g u r a ­
t i o n s  9 e a c h  o f  w h ich  may be  e x p r e s s e d  i n  t e r m s  o f  MOs
(59).
The t r a n s i t i o n  moment b e tw e e n  s t a t e s  o f  d i f ­
f e r e n t  m u l t i p l i c i t y  i s  z e r o  due t o  s p i n  o r t h o g o n a l i t y ,  
t h i s  f o r b i d d e n e s s  b e in g  a g e n e r a l  s p e c t r a l  f e a t u r e .  I n  
t h e  p r e s e n t  a p p l i c a t i o n  Group T heory  i s  o n ly  c o n c e rn e d  
w i t h  t h e  sp ace  p a r t '  o f  t h e  wave f u n c t i o n .  T h u s ,  t h i s  
t h e o r y  may be u se d  t o  p r e d i c t  t h e  f o r b i d d e n e s s  o r  o t h e r ­
w i s e  o f  a t r a n s i t i o n  b e tw ee n  t h e  sp a c e  p a r t s  o f  t h e  
s i n g l e t  g round  and t h e  e x c i t e d  s t a t e s  b u t  t h e  f o r b i d d e n e s s  
due  t o  s p i n  o r t h o g o n a l i t y  has  t o  be invoked '* s e p a r a t e l y .
The o n ly  t r a n s i t i o n  moment e x p r e s s i o n  need ed  
i s  t h a t  b e tw ee n  t h e  s i n g l e t  ground s t a t e  and t h e  s i n g l y  
e x c i t e d  s i n g l e t  c o n f i g u r a t i o n s  w h e re ,  f o r  ex am p le ,  f o r  
t h e  x  component
< ± %  I e r * l l  ^  >  By | . <  %  I *  I f s >
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The t r a n s i t i o n  moment M ^ i s  p r o p o r t i o n a l  t o  t n e  E i n s t e i n  
c o e f f i c i e n t  o f  a b s o r p t i o n -  B , • The e x t i n c t i o n  c o e f f i -a. D
c i e n t  maximum £  w i l l  be  a c ru d e  m easu re  o f  B •, andmax ao
hence  o f  M A more p r e c i s e  q u a n t i t y  i s  t h e  o s c i l l a t o r  
s t r e n g t h  ( 1 0 , 5 8 )
f ab =  ^.703 X 1029 j 7 a b | Ma b | 2
=  ^,319 X 10"9/  E d U  2.28
ab i s  t h e  wavenumber c o r r e s p o n d i n g  t o  t h e  t r a n s i t i o n  
X a ~ >  X  o , a n d d j j  r e p r e s e n t s  i n t e g r a t i o n  o v e r  t h e  
a p p r o p r i a t e  a b s o r p t i o n  b a n d .
1 1The u n i t s  a r e  £5 i n  cm” m oles  “ l i t r e ,  2J ^
—
andAJ i n  c.m and M ^ i n  e s u .  f  i s  a d i m e n s i o n l e s s  q u a n t i t y
o f  a b o u t  u n i t y  f o r  a h i g h l y  a l lo w e d  t r a n s i t i o n *
37
CHAPTER 3
SPIN DENSITIES
2 . 1  Sp i n  D e n s i t i e s  and E l e c t r o n  S p in  Resonance  (ESR) 
I s o t r o p i c  Hy p e r f i n e  S p l i t t i n g s  ( h f s )
As c r  i s  a lw ay s  r e a l  must  n e c e s s a r i l y  a lw ay s  be  
p o s i t i v e .  I n  t h e  n e x t  s e c t i o n  i t  w i l l  be shown t h a t  
u n p a i r e d  e l e c t r o n  d e n s i t y  i s  an u n s a t i s f a c t o r y  c o n c e p t  
and w i l l  be r e p l a c e d  by t h e  i d e a l  o f  s p i n  d e n s i t i e s  
w h ich  may be p o s i t i v e  or  n e g a t i v e .  However9 f o r  t h e  
p r e s e n t  p u r p o s e s  u n p a i r e d  e l e c t r o n  d e n s i t y  w i l l  be u s e d .  
The f o l l o w i n g  u s e  o f  t h e  t e r m  ’’u n p a i r e d  s p i n  d e n s i t y ” 
i n  r e l a t i o n  t o  t h e  p r o t o n  i n  a C-H bond i s  o b v io u s  f rom  
t h e  work o f  McConnell  (61)  and t h e  c o n t e n t s  o f  t h e  n e x t  
s e c t i o n .  T h i s  h a s  b e e n  p i c t o r i a l l y  examined by C a r r i n g ­
t o n  (6 2 )  i n  an e x c e l l e n t  r e v i e w  o f  ESR.
Fo r  a r a p i d l y  t u m b l in g  f r e e  r a d i c a l  i n  s o l u ­
t i o n  t h e  a n i s o t r o p i c  d i p o l a r  i n t e r a c t i o n  a v e r a g e s
I n  HMO t h e o r y  t h e  p r o b a b i l i t y  o f  an u n p a i r e d  
t  he l e c t r o n  i n  t h e  r  MO b e in g  i n  t h e  r e g i o n  o f  sp a ce
t  ha s s o c i a t e d  w i t h  t h e  b a s i s  f u n c t i o n  on t h e ^ t  atom i s  
te rm ed  t h e  u n p a i r e d
by t h e  r e l a t i o n  3*1
3 . 1
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t o  z e r o  (63)* The o b se rv ed  h f s  a r i s e s  f rom t h e  i s o t r o ­
p i c  Ferm i  c o n t a c t  i n t e r a c t i o n  ( 6V) which  i s  d e p e n d e n t  
on t h e  u n p a i r e d  s p i n  d e n s i t y  a t  t h a t  n u c l e u s  g i v i n g  r i s e  
t o  t h e  s p l i t t i n g .  Fo r  e x a m p le , w i t h  a r o m a t i c  h y d r o c a r ­
b o ns  t h e  p r o t o n  h f s  i s  w e l l  known ( 6 ? ) ,  t h e  s m a l l  amount 
o f  u n p a i r e d  s p i n  d e n s i t y  a t  t h e  p r o t o n  b e in g  r e a d i l y  
e x p l a i n e d  by McConnell  (61)  i n  t e r m s  o f  a t h r e e  e l e c t r o n  
C-H f r a g m e n t  u s i n g  a Cl  t r e a t m e n t  i n c l u d i n g  t h e  o s
o r b i t a l s .  McConnell  o b t a i n e d  t h e  s im p le  r e l a t i o n  3*2
Hb e tw ee n  t h e  p r o t o n  h f s ,  o r  c o u p l i n g  c o n s t a n t ,  a and t h e  
u n p a i r e d  e l e c t r o n  d e n s i t y  £ a t  t h e  c a r b o n  a tom .
aH = 3 . 2
The u n p a i r e d  s p i n  d e n s i t y  a t  t h e  p r o t o n  t e n d s
t o  be  a n t i  p a r a l l e l  t o  t h e  u n p a i r e d  e l e c t r o n  d e n s i t y  a t  
t h e  c a r b o n  a tom . Thus t h e  c o u p l i n g  c o n s t a n t  w i l l  be
n e g a t i v e  a s  ^  i s  p o s i t i v e .  I t  i s  c o n c lu d e d  t h a t  Q i s  
n e g a t i v e  ( 6 8 ) .  McConnell  has  a l s o  s u g g e s t e d  (61 )  t h a t  
Q be  t a k e n  a s  c o n s t a n t  f o r  a l l  C-H b o n d s .
T h i s  t r e a t m e n t  a l s o  p r e d i c t s  u n p a i r e d  s p i n  
d e n s i t y  a t  t h e  c a r b o n  n u c l e u s ,  t h u s  e x p l a i n i n g  the 
o b se rv e d  ”^ C  s p l i t t i n g s  ( 6 6 , 6 7 )*
O th e r  r e l a t i o n s  b e tw ee n  a^tl a n d ^ ^  have  b e e n  
p ro p o s e d  by C o lp a  and B o l t o n  (69 )  and G i a c o m e t t i ,
N o rd io  and Pavan  ( 7 0 ) .  B o th  t h e s e  r e l a t i o n s  a r e  s u p e r i o r  
t o  t h e  McConnell  r e l a t i o n  i n  t h a t  t h e y  p r e d i c t  t h e
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o bse rv ed  g r e a t e r  c o u p l i n g  c o n s t a n t s  o f  t h e  p o s i t i v e  r a d i ­
c a l  i o n s  o f  even  a l t e r n a n t  h y d r o c a r b o n s  t h e n  t h o s e  of  
t h e  c o r r e s p o n d i n g  n e g a t i v e  i o n s  (69? 7 0 9 71)» T h i s
b e t t e r  a g re em e n t  p r e s u p p o s e s  t h e  v a l i d i t y  o f  t h e  p a i r i n g
t h e o r e m  ( s e e  C h a p t e r  10)*
The C o lpa  and B o l t o n  r e l a t i o n  (CB) d e p e n d s  on 
t h e  e f f e c t  o f  t h e  c a r b o n  atom c h a r g e  d e n s i t y  on t h e  
C-H Os o r b i t a l s .
~ ^  ^  + ^ ^ M. ^ • 3
The G i a c o m e t t i ,  N o rd io  and Pavan  r e l a t i o n  (GNP) 
a r i s e s  s im p ly  from  an e x t e n s i o n  o f  t h e  McConnell  t r e a t ­
ment above where t h e c \ —~TT e l e c t r o n  r e p u l s i o n  t e r m  o b t a i n ­
ed f rom  f i r s t  o r d e r  p e r t u r b a t i o n  t h e o r y  i s  e x te n d e d  t o  
n e a r e s t  n e i g h b o u r  a tom s .
a^  = 3 e / -  + D  2 ^ 3 7 ^  3 A
I n  HMO t h e o r y  i s  d e f i n e d  a s  Cr^  c rjL,9
t h e  summation b e in g  c o n f i n e d  t o  t h e - 1/ a toms bonded t o  
atomj j u  . A> B* C and r> a r e  c o n s t a n t s  o f  u n d e te r m in e d  
v a l u e s .
2 . 2  C a l c u l a t i o n  o f  S p in  D e n s i t i e s
I n  some c a s e s  i t  may be shown u n a m b ig u o u s ly  
by n u c l e a r  m a g n e t i c  r e s o n a n c e  s t u d i e s  ( 7 2 ) and a s t u d y  
o f  t h e  ESR s p e c t r u m  o f  a s i n g l e  c r y s t a l  a t  v a r i o u s  
o r i e n t a t i o n s  ( 7 3 ) t h a t  c o u p l i n g  c o n s t a n t s  may be p o s i ­
t i v e  o r  n e g a t i v e ,  r e s u l t i n g  i n  t h e  c o n c e p t  o f
k o
e l e c t r o n  s p i n  d e n s i t i e s  w hich  may be n e g a t i v e  o r  p o s i ­
t i v e  r e s p e c t i v e l y  (7*+, 75,  76)* T h i s  compares  w i t h  
u n p a i r e d  e l e c t r o n  d e n s i t i e s  which  may be p o s i t i v e  only*
The e x i s t e n c e  o f  s p i n  d e n s i t y  i s  a l s o  s u b s t a n ­
t i a t e d  by t h e  p y r e n e  r a d i c a l  a n i o n  ( 7 5 ) and t h e  p e r i r i a p h -  
t h e n y l  r a d i c a l  (7*+) b o t h  g i v i n g  ESR s p e c t r a  o f  o v e r a l l  
w i d t h  g r e a t e r  t h a n  would be e x p e c t e d  f o r  u n i t  u n p a i r e d  
e l e c t r o n  and t h e  a c c e p t e d  r a n g e  o f  Q  v a l u e s  (b enzen e  
a n io n  r a d i c a l  - 2 2 , 5  g a u s s  ( 7 7 ) and t h e  m e th y l  r a d i c a l  
- 2 5 - 2  g a u s s  ( 7 8 ) )  A l s o ,  h f s  a r i s e s  f rom  p o s i t i o n s  where
HMO t h e o r y  p r e d i c t s  z e r o  u n p a i r e d  e l e c t r o n  d e n s i t y .  As
t h e  m a g n i tu d e s  o f  t h e  c o u p l i n g  c o n s t a n t s  a r e  d e p e n d e n t  
on t h e  m od u l i  o f  t h e  s p i n  d e n s i t i e s  i t  i s  o b v io u s  t h a t  
t h e  sum o f  t h e  m o d u l i  f o r  t h e s e  r a d i c a l s  i s  g r e a t e r  t h a n  
u n i t y  and t h a t  t h i s  a r i s e s  from t h e  i n c l u s i o n  o f  n e g a t i v e  
s p i n  d e n s i t i e s  i n t o  t h e  sum m ation .
B o th  t h e  HMO and r e s t r i c t e d  H a r t r e e - F o c h  (79 )  
m ethods  have  t h e  s e r i o u s  l i m i t a t i o n  o f  p r e d i c t i n g  u n p a i r ­
ed e l e c t r o n  d e n s i t y  o n l y .  B o th  t h e  VB and C l  m ethods  
( 6 8 , 8 0 ) p r e d i c t  s p i n  d e n s i t y  b u t  a r e  cumbersome i n  
p r a c t i c e  f o r  even  q u i t e  s m a l l  r a d i c a l s  S in c e  t h e  f o r m e r  
method e n t a i l s  a l a r g e  number o f  '’r e s o n a n c e  s t r u c t u r e s ! ’ 
and t h e  l a t t e r  e n t a i l s  a l a r g e  number o f  c o n f i g u r a t i o n s .  
The method due t o  McLachlan (8 1 ) ,  w h ich  may be r e g a r d e d  
as  an a p p r o x i m a t e  Cl m e tho d ,  n o t  o n ly  p r e d i c t s  n e g a t i v e  
s p i n  d e n s i t i e s  b u t  i s  a l s o  s im p le  i n  p r a c t i c e ,  However,
N e sb e t  (8 2 ) who d e s c r i b e d  t h e  ground s t a t e  o f  t h e  r a d i c a l  
i n  t e r m s  o f  an u n r e s t r i c t e d  H a r t r e e - F o c h  f u n c t i o n s
Of i n t e r e s t  i s  t h e  work o f  C a r r i n g t o n  and Sm i th  
(8 3 ) where  a l l  t h e s e  m ethods  have b e e n  a p p l i e d  t o  t h e  
b e n z y l  r a d i c a l *
2o3 The U n r e s t r i c t e d H ar t r e e -F o c h  (UHF) Method
P o p le  and N e sb e t  (82)  s u g g e s t e d  t h a t  e l e c t r o n s  
o f  o <  and / S  s p i n  sh o u ld  occupy two d i s t i n c t  s e t s  of  
M0 s 3 t ( ^ s p i n . )  and^p^  ( y S s p i n ) ,  Fo r  t h e  c a s e  o f  (n+1 ) 
^ ^ s p i n s  and r y S  s p i n s  t h e  UHF ground s t a t e  f u n c t i o n  i s  
g i v e n  by-
$0 H ' t l H p  • • • " • f n + l  t n + 2  • • • • • T a n + l l  3 , 5
The r e s t r i c t i o n  t h a t  t h e  MOs vp . andVI^ beI r  » r
i d e n t i c a l  i s . r e m o v e d  so t h a t  we can  no l o n g e r  s p e a k  o f  
d o u b ly  o c c u p ie d  MOs. A l th o u g h  t h i s  f u n c t i o n  i s  an e i g e n ­
f u n c t i o n  of  t h e  s p i n  f r e e  H a m i l t o n i a n  and of  i t  i s  
n o t  an  e i g e n f u n c t i o n  o f  T h i s  com pares  w i t h  t h e
r e s t r i c t e d  H a r t r e e - F o c h  f u n c t i o n *
@o = I T i l l  • ; • • • • • ' •  ' b n T n T n + l  | 3 “6
w hich  i s  an e i g e n f u n c t i o n  o f  a l l  t h r e e  o p e r a t o r s .  F o r  
t h i s  r e a s o n  t h e  l a t t e r  f u n c t i o n  h a s  b e e n  u se d  f o r  t h e  
c a l c u l a t i o n  of  t h e  e x c i t e d  s t a t e  e n e r g i e s  o f  odd a l t e r ­
n a n t  h y d r o c a r b o n  r a d i c a l s  and i o n s  (S1! ) .  T h i s  f u n c t i o n  
g i v e s  r i s e  t o  m ix ing  b e tw e e n  s i n g l y  e x c i t e d  d o u b l e t - c o n ­
f i g u r a t i o n s  and t h e  d o u b l e t  ground  c o n f i g u r a t i o n *  I n  a
h-2
c a l c u l a t i o n  o f  s p i n  d e n s i t i e s  H o i j t i n k  (85)  t r e a t e d  t h i s  
i n t e r a c t i o n  a s  a p e r t u r b a t i o n ,  and w h i l e  t h i s ,  method 
l e a d s  t o  s p i n  d e n s i t i e s  i t  i s  u n w ie ld y  b e c a u s e  o f  t h e  
l a r g e  number o f  p o s s i b l e  e x c i t e d  c o n f i g u r a t i o n s ? I f  a 
Cl  t r e a t m e n t  i s  n o t  c a r r i e d  out;, t h i s  f u n c t i o n ,  a s  men­
t i o n e d  p r e v i o u s l y ,  w i l l  l e a d  t o  u n p a i r e d  e l e c t r o n  d e n s i t y .  
To make t h e  p r e s e n t  method c o m p l e t e l y  a c c e p t ­
a b l e  t h e  UHF f u n c t i o n  was made an a p p r o x i m a t e  e i g e n f u n c ­
t i o n  o f  by a n n i h i l a t i n g  t h e  m a jo r  c o n t a m i n a t i n g  s p i n  
m u l t i p l e t  u s i n g  t h e  method o f  Amos and S n y d e r  ( 8 6 ) d i s ­
c u s s e d  i n  t h e  n e x t  s e c t i o n *  However, t h e  r e s u l t s  o f  t h e  
P o p l e - N e s b e t  t r e a t m e n t  w i t h o u t  a n n i h i l a t i o n  w i l l  s u f f i c e  
f o r  t h e  p u r p o s e  o f  t h i s  s e c t i o n *
The MOs a r e  a p p ro x im a te d  a s  a l i h e a r  com bina ­
t i o n  of  b a s i s  f u n c t i o n s ,  t h e  c o e f f i c i e n t s  o f  t h e s e  b a s i s
/S>
f u n c t i o n s  C and C s a t i s f y i n g  t h e  e q u a l i t i e s
one and two c e n t r e  i n t e g r a l s  w i l l  r e d u c e  t o  t h e  f a m i l i a r  
c l o s e d  s h e l l  form when t h e  number o f o c a n d y ^ . s p i n s  a r e  
e q u a l  a n d ,  a s  f o r  t h e  c l o s e d  s h e l l  c a s e ,  a r e  s o lv e d  
i t e r a t i v e l y .
The e x p r e s s i o n  o f  t h e s e  r e l a t i o n s  i n  t e r m s  o f
The a c t u a l  e x p r e s s i o n s  f o r  F ^  and F ^  c o n t a i n  
and p/f,. whereAA -JJ
r  occ
The s p i n  d e n s i t y  , c h a r g e  d e n s i t y  
( = 2^  -  J  and s p i n  p o l a r i z a t i o n  a r e  d e f i n e d  
t h r o u g h
O ~ p°^ .. p & * n = por 4- P ^  o /? - P ^
£/*■ ? > -  9 \/AU ^UJU 5uaj
2•*+ S p in  A n n i h i l a t i o n
The m a jo r  c o n t r i b u t i n g  s p i n  component o f  t h e  
UHF f u n c t i o n  i s  t h e  l o w e s t ,  w i t h  t h e  c o n t r i b u t i o n s  o f  
t h e  h i g h e r  s p i n  m u l t i p l e t s  r a p i d l y  d e c r e a s i n g  ( 8 7 ) .
F o r  s m a l l  m o le c u l e s  t h e  r e q u i r e d  s p i n  component may be 
o b t a i n e d  by p r o j e c t i o n ,  b u t  f o r  l a r g e r  m o le c u l e s  a more 
p r a c t i c a l  p r o c e d u r e  i s  t o  a n n i h i l a t e  t h e  m a jo r  c o n t a m i ­
n a t i n g  s p i n  m u l t i p l e t  (8 6 , 8 8 ) .  I n  t h e  p r e s e n t  work 
t h i s  w i l l  be  t h e  q u a r t e t ,  w i t h  t h e  r e s i d u a l  wave f u n c ­
t i o n  c o n s i s t i n g  e s s e n t i a l l y  o f  t h e  d o u b l e t .  S n y d e r  and 
Arnos (8 8 ) have d e m o n s t r a t e d  t h a t  a s i n g l e  a n n i h i l a t i o n  
i s  a good a p p r o x i m a t i o n  t o  a  f u l l  p r o j e c t i o n .
S i n g l e  a n n i h i l a t i o n  o f  t h e  bond o r d e r  m a t r i c e s  
and d e n o t e d ,  f o r  c o n v e n i e n c e ,  by P and Q g i v e s
t h e  m a t r i c e s  J  and K r e s p e c t i v e l y  ( 8 8 ) .  In  t h e  f o l l o ­
wing p and q a r e  t h e  number o f o f a n d ^  s p i n s  r e s p e c t i v e l y  
and n  = P+q. A l s o ,  i t  may be shown t h a t  a s  p~q=l  i n  t h i s  
work t h a t  A=q-3.
+ 3 T r  Pq + 2T r2pq -  2 Tr  PQPq ) P
+ ( p - T r  P q ) q + qpq + ( n - V r r  PQ
- 3+2 A) PqP + (Pq + qp ) ( 2Tr Pq -  p+ 1-A)
-  2 ( PQPq + QPqP ) + b  PqpqF 3 . 7
p —The e x p r e s s i o n  f o r  M K i s  o b t a i n e d  by i n t e r ­
c h an g in g  P and q and a l s o  p and q.  The n o r m a l i z a t i o n  
c o n d i t i o n  i s  t h a t
M = A2 -  2ATr Pq + pq -  nTrPQ + 2Tr Pq
+ 2 T r 2 M  -  2 T r  PQPQ 3 . 8
A f t e r  a n n i h i l a t i o n  ( a a )  we have t h e  new expres^
s i o n s
^  . *r" TT -p T7' 9* 3> —p jr
The form  o f  t h e  a r e l a t i o n s  i s  now
McConnell  a ^  = Q 3*9
y-co ' _ H f, s* a a  ~ „ aa  N *>. a a  _
CB V -  = A ( p .  + C -  cp*. ) 3 . 1 0
GNP a k  = B  - f ^ + D ^  ^  3 . 1 1
S in c e  t h e  l a s t  t e r m  f o r  b o t h  t h e  CB and GNP 
r e l a t i o n s  i s  z e r o  f o r  odd AH r a d i c a l s  we have  t h e  e q u a l i t y
b 5
CHAPTER If :
THE MOLECULES IN. MOLECULES (MIM) METHOD
*+« 1 B a s i c  T h eo ry
L o n g u e t - H i g g in s  (89)  h as  r e l a t e d  t h e  e i g e n ­
s t a t e s  o f  a  c o m p o s i t e  s y s t e m ,  i n  t h e  a b s e n c e  o f  e l e c t r o n  
t r a n s f e r ,  t o  t h o s e  o f  i t s  c o n s t i t u e n t  p a r t s  i n  t e r m s  o f  
e l e c t r o n  r e p u l s i o n  b e tw e e n  t h e  component s y s t e m s .
L o n g u e t - H i g g in s  and M u r r e l l  (90 )  have  e x te n d e d  t h i s  
t r e a t m e n t  t o  i n c l u d e  e l e c t r o n  or  c h a r g e  t r a n s f e r  b e tw ee n  
t h e  c o n s t i t u e n t  p a r t s ,  t h e  method b e in g  t e rm ed  t h e  
m o l e c u l e s  i n  m o l e c u l e s  (MIM) m ethod .
I f  t h e  amount o f  c o n j u g a t i o n  b e tw ee n  t h e  f r a g ­
m en ts  R and S o f  a m o le c u le  R-S i s  s m a l l  i t  i s  u s u a l l y  
p o s s i b l e  t o  i n t e r p r e t  t h e  e l e c t r o n i c  sp e c t r u m  o f  R-B i n  
t e r m s  o f  t h e  e l e c t r o n i c  s p e c t r a  o f  RH and SH, i n  w hich  
c a s e  t h e  MIM method g i v e s  g r e a t e r  i n s i g h t  t h a n  t h e  P -  
method i n t o  t h e  n a t u r e  o f  t h e  e l e c t r o n i c  t r a n s i t i o n s  
i n v o l v e d .
T h ere  a r e  two c l a s s e s  o f  e l e c t r o n i c  t r a n s i t i o n  
t o  be  c o n s i d e r e d  ( a )  l o c a l  e x c i t a t i o n  c o n f i n e d  t o  one 
f r a g m e n t  and (b )  c h a r g e  t r a n s f e r  b e tw ee n  t h e  o c c u p ie d  
MOs o f  one f r a g m e n t  t o  t h e  u n o c c u p ie d  MOs o f  t h e  o t h e r .  
The i n t e r a c t i o n s  b e tw e e n  t h e  r e s u l t i n g  c o n f i g u r a t i o n s  
a r e  e v a l u a t e d  by means o f  t h e  f o r m u la e  p r e v i o u s l y  g i v e n  
i n  C h a p t e r  2 b u t  w h ich  a r e  r e p e a t e d  h e r e  f o r  c o m p l e t e -
+ 2 < ^ k r / l s ^  -  ^ k l / r s ^ > >+.2
l k
» < ^ k l / r s ^ > *+.3
The MOs o f  t h e  f r a g m e n t s  a r e  t a k e n  a s  t h e  SCF
MOs o f  RH and SH r e s p e c t i v e l y  so t h a t  no  i n t e r a c t i o n  i s  
o b t a i n e d  b e tw ee n  t h e  g round  c o n f i g u r a t i o n  and t h e  l o c a l l y  
e x c i t e d  c o n f i g u r a t i o n s *  Where n e c e s s a r y  t h e  a p p ro x im a ­
t i o n  i s  made t h a t  t h e  s t a t e s  o f  RH and SH a r e  f a i r l y  
r e p r e s e n t e d  by a s i n g l e  c o n f i g u r a t i o n ,  o r ,  where  d e g e n e r a ­
c i e s  o c c u r ,  by an a p p r o p r i a t e  symmetry c o m b i n a t i o n  o f  
c o n f i g u r a t i o n s *  T h e r e f o r e  t h e  o f f  d i a g o n a l  e l e m e n t s  o f  
t h e  t o t a l  Cl  m a t r i x  c o r r e s p o n d i n g  t o  i n t e r a c t i o n  b e tw e e n  
l o c a l l y  e x c i t e d  c o n f i g u r a t i o n s  on t h e  same f r a g m e n t  a r e  
z e r o ,  w i t h  t h e  on d i a g o n a l  t e r m s  b e in g  g i v e n  a s  t h e  s t a t e  
o r  e x p e r i m e n t a l  t r a n s i t i o n  e n e r g i e s  o f  RH-and SH.
l o c a l i z e d  o r b i t a l  ( L .O . )  m e th o d ,  and w h i l e  t h i s  i s  
r e a s o n a b l e  i t  d o e s  n o t  e m p h as ize  t h e  r e a l  u s e f u l l n e s s  
o f  t h e  method i n  t h a t  t h e  e i g e n s t a t e s  o f  t h e  component 
sy s te m s  a r e  u s e d  t o  o b t a i n  a d e s c r i p t i o n  o f  t h e  c o m p o s i t e  
sy s te m  i . e .  m o l e c u l e s  i n  m o l e c u l e s .
T h i s  method i s  som etim es r e f e r r e d  t o  a s  t h e
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The i n t e r a c t i o n s  t o  he  c o n s i d e r e d  a r e  t h o s e  
a r i s i n g  f rom e l e c t r o n  r e p u l s i o n  b e tw een  t h e  component  
sy s te m s  and t h e  i n c l u s i o n  o f  t h e  r e s o n a n c e  i n t e g r a l  
y S ^ b e t w e e n  t h e  a toms j o i n i n g  t h e  component s y s t e m s .  
h , 2  E l e c t r o n  R e p u l s i o n  I n t e r a c t i o n s  
S i n g l e t  C o n f i g u r a t i o n s
( i )  The i n t e r a c t i o n  b e tw ee n  l o c a l l y  e x c i t e d
s i n g l e t  c o n f i g u r a t i o n s  on d i f f e r e n t  f r a g m e n t s
1 r  1 s
] and y  o c c u r s  t h r o u g h  t h e  t e r m  2 ^ k r / l s ^  „ 
k  1
( i i )  The i n t e r C o n f i g u r a t i o n a l  e n e r g y  f o r  t h e  
c h a r g e  t r a n s f e r  i s  g i v e n  by
The e n e r g i e s  Er  and E^ a r e  e q u a te d  t o  t h e  
n e g a t i v e  o f  t h e  v e r t i c a l  IP  and e l e c t r o n  a f f i n i t y  r e s p e c ­
t i v e l y .
( i i i )  I n t e r a c t i o n  b e tw ee n  t h e  c h a r g e - t r a n s f e r  
1 r  I  s
c o n f i g u r a t i o n s  ^  and ju ,  Same d i r e c t i o n  occurs
k
t h r o u g h  -  <^_kl/rs^> , w h e re a s  i f  t h e  c h a r g e  t r a n s f e r  occurs  
i n  o p p o s i t e  d i r e c t i o n s  t h e  i n t e r a c t i o n  i s  z e r o .
T r i p l e t  C o n f i g u r a t i o n s
The e l e c t r o n  r e p u l s i o n  i n t e r a c t i o n  t e r m s  f o r  
t h e  t r i p l e t  c o n f i g u r a t i o n s  d i f f e r  f rom t h o s e  f o r  t h e  
c o r r e s p o n d i n g  s i n g l e t s  o n ly  i n  t h a t  i n t e r a c t i o n  b e tw e e n  
l o c a l l y  e x c i t e d  t r i p l e t  c o n f i g u r a t i o n s  on d i f f e r e n t  
f r a g m e n t s  ( c * f * ( i )  a b o v e )  i s  z e r o  ( s e e  e q u a t i o n .  ^ * 3 )•
S i n g l e t  C o n f i g u r a t i o n s
I n t e r a c t i o n  o f  a c h a r g e  t r a n s f e r  c o n f i g u r a t i o n  
w i t h  a l o c a l l y  e x c i t e d  c o n f i g u r a t i o n  i s  f i n i t e  o n ly  i f  
t h e y  have a common MO, i n  which  c a s e  i n t e r a c t i o n  o c c u r s  
t h r o u g h  c o r r e s p o n d i n g  t o  t h e  bond j o i n i n g  t h e  com­
p o n e n t  s y s t e m s .  I n t e r a c t i o n  of  a c h a r g e  t r a n s f e r  s i n g ­
l e t  c o n f i g u r a t i o n  w i t h  t h e  g round  c o n f i g u r a t i o n  a l s o  
o c c u r s  t h r o u g h - a y ^ j y  t e r m .  T h i s  may be summarized as  
f o l l o w s  where  ^  and a r e  on d i f f e r e n t  f r a g m e n t s .
< 5 ^ 1  W l ' f  / 2  I H i>  ^
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T r i p l e t  C o n f i g u r a t i o n s
The l a s t  two o f  t h e  above e x p r e s s i o n s  a r e  t h e  
same a s  f o r  t h e  c o r r e s p o n d i n g  t r i p l e t  c o n f i g u r a t i o n s ,  
b u t  t h e  f i r s t  o f  t h e s e  i s  z e r o  s i n c e  t h e  t r i p l e t  d o e s  
n o t  I n t e r a c t  w i t h  t h e  s i n g l e t  g round  c o n f i g u r a t i o n .  
I n t e r a c t i o n  b e tw ee n  n  -~->"T a n d i r —^ X  
C onf i g u r a t i  ons
L;.C
t i o n  %  o r  their~*>TT^ c h a r g e  t r a n s f e r  and l o c a l l y  
e x c i t e d  c o n f i g u r a t i o n s .  T h e r e f o r e  t h e  n  ™">7T and 
IT —>11 t r a n s i t i o n s  may be c o n s i d e r e d  i n d e p e n d e n t l y , t h e  
t r e a t m e n t  o f  t h e  i n t e r a c t i o n s  i n v o l v i n g  t h e  n  c o n ­
f i g u r a t i o n s  b e in g  g i v e n  l a t e r *  The l a c k  o f  i n t e r a c t i o n  
t h r o u g h  t h e  e l e c t r o n  r e p u l s i o n  t e r m s  i s  b e c a u s e  o n ly  
one n o r b i t a l  can  a p p e a r  i n  e i t h e r  o f  t h e  t e r m s  i n  t h e  
e x p r e s s i o n  S ' C k r / l s ^  -  <Ckl/rs^> , w h ich  i s  t h e n  z e r o  
u n d e r  t h e  ZDO a p p r o x i m a t i o n .  F u r t h e r , t h e  c o n j u g a t i o n  
i n t e r a c t i o n  t e r m s  a r e  z e r o  b e c a u s e  t h e r e  can  be  no 
t e r m  i n v o l v i n g  an  n  o r b i t a l .
*+•5 J u s t i f i c a t i o n  f o r  Us ing  t h e  MIM Method
The m o l e c u l e s  t r e a t e d  i n  t h i s  work by t h e  MIM 
method a r e  g i v e n  i n  T a b le  t o g e t h e r  w i t h  t h e  c o r r e ­
spo n d in g  component s y s t e m s .
T a b le  *f.l* Component and Com posi te  Sys tem s f o r  MIM 
C a l c u l a t i o n s .
C om pos i te
Sys tem
Component Sys tem s I
g l y o x a l 2 x fo rm a ld e h y d e
a r o l e i n fo rm a ld e h y d e  + e t h y l e n e
b e n z a ld e h y d e fo rm a ld e h y d e  + b en ze n e
o -b e n z o q u in o n e 2 x a c r o l e i n
p - b e n z o q u in o n e 2 x a c r o l e i n  j
,
p - b e n z o q u in o n e 2 x fo rm a ld e h y d e  + 
2 x e t h y l e n e
As can  be se en  a t t e m p t s  have b e en  made t o  a p p ly  t h e  HIM 
method t o  c o m p o s i t e  sy s te m s  from two and f o u r  components  
i n v o l v i n g  one ,  two and f o u r  w eak ly  c o n j u g a t e d  b o n d s &
The j u s t i f i c a t i o n  f o r  t r e a t i n g  t h e s e  m o l e c u l e s  
i n  t e r m s  o f  t h e  component sy s te m s  g i v e n  above i s  p a r t l y  
i n t u i t i v e ? b u t  t h e r e  i s  some e x p e r i m e n t a l  backing®
F i r s t l y ,  t h e  bond d i s t a n c e s  l i n k i n g  t h e  component sy s te m s  
a r e  i n d i c a t i v e  o f  l a r g e l y  s i n g l e  bond c h a r a c t e r ®
S e c o n d ly ,  t h e  v a l u e s  o f  t h e  n and “TTIPS of  t h e  c o m p o s i t e  
sy s te m s  a r e  v e r y  c l o s e  t o  t h o s e  o f  t h e i r  component m o le ­
c u l e s  ( 6 0 ) ,  e x c e p t  f o r  t h o s e  o f  g l y o x a l  and o - b e n z o q u in o n e  
w h ich  a r e  n o t  known, and a r e  r e a d i l y  i n t e r p r e t a b l e  i n  
t e r m s  o f  i o n i z a t i o n  from  t h e  l o c a l i s e d  o r b i t a l s  o f  t h e i r  
co m p o nen ts ,
h *6 I o n i z a t i o n  P o t e n t i a l s  and E l e c t r o n  A f f i n i t i e s
V a lu e s  o f  t h e  I P s  o f  b e n ze n e  (1 ^ )  and e t h y l e n e
( I c = c ) and o f  t h e  e l e c t r o n  a f f i n i t i e s  o f  b e n z e n e  (Ag)
and e t h y l e n e  (Aq_q ) a r e  g i v e n  i n  T a b le  if* 2 . ,  t h e s e  v a l u e s
h a v in g  b e e n  u se d  s u c c e s s f u l l y  f o r  HIM c a l c u l a t i o n s  on
s t y r e n e  and b i p h e n y l  (91)* The r e a l  d i f f i c u l t y  i n
o b t a i n i n g  v a l u e s  f o r  JLf, and A ( e l e c t r o n  a f f i n i t y•d 0 -0  0=0
o f  f o r m a l d e h y d e )  i s  t h a t  t h e y  a r e  a lm o s t  c e r t a i n l y  n e g a ­
t i v e  b o  t h a t  a f r e e  e l e c t r o n  w i l l  n o t  a t t a c h  i t s e l f  t o  
t h e s e  m o l e c u l e s ,  t h u s  making d i f f i c u l t  a d i r e c t  d e t e r ­
m i n a t i o n  by e x p e r im e n t*  The v a l u e  of  A^ __q was o b t a i n e d  
f rom an e x p r e s s i o n  I  + A = c o n s t a n t  w hich  h as  b e e n  shown.
51
b o th  t h e o r e t i c a l l y  and p r a c t i c a l l y ,  t o  be v a l i d  f o r  even  
a l t e r n a n t  h y d r o c a r b o n s  ( 9 2 )*
For  HIM c a l c u l a t i o n s  on b e n z a ld e h y d e  Kimura 
and N agakura  (93)  t r e a t e d  b o t h  a n d / 3 ^  a s  e m p i r i c a l
p a r a m e t e r s  a d j u s t e d  t o  g i v e  t h e  b e s t  o v e r a l l  c o r r e l a t i o n  
b e tw ee n  t h e  c a l c u l a t e d  and e x p e r i m e n t a l  e n e r g i e s *  The 
b e s t  p a i r  o f  v a l u e s  were Aq=q = -  1*20 eV and =
-1 * 50  eV, These  c a l c u l a t e d  e n e r g i e s  i n c l u d e d  t h e  ground  
s t a t e  d e p r e s s i o n ,  b ^ t  i t  h a s  b e en  a rg u e d  ( 1 0 ) t h a t  
ground  s t a t e  d e p r e s s i o n  sh o u ld  be n e g l e c t e d  i f  n o t  t o o  
l a r g e  ( y  -0®h- eV s a y )  s i n c e  improvement  o f  t h e  c a l ­
c u l a t i o n s  by t h e  i n c l u s i o n  o f  d o u b ly  e x c i t e d  c o n f i g u r a ­
t i o n s  would l a r g e l y  co m p en sa te  f o r  t h i s  by a g r e a t e r  
d e p r e s s i o n  o f  t h e  e x c i t e d  s t a t e s  t h a n  o f  t h e  g round  
s t a t e *  A l s o ,  t h e  r a t h e r  low v a l u e  o f  ^ ^  i n d i c a t e s  
t h a t  t h e  v a l u e  o f  A i s  t o  be  t r e a t e d  w i t h  some s u s ­
p i c i o n *  The u s e  o f  t h i s  A ^ _ ^  v a l u e  was r e g a r d e d  a s  
b e in g  s u b s t a n t i a t e d  b e c a u s e  o f  i t s  p r e v i o u s  a p p l i c a b i l i t y  
i n  N a g a k u r a 1s MIM c a l c u l a t i o n  on a c r o l e i n  (9 ^ )  b u t ,  u n ­
f o r t u n a t e l y ,  t h i s  v a l u e  f o r  A w a s  t h e  r e s u l t  o f  a ; 
m i s c a l c u l a t i o n *  I n  t h e  t e r m
( s e e  l a t e r ) ,  d e n o te d  S^T by N a g a k u ra ,  t h e  v a l u e  of
^ [ ^ 2  S^-ven  can  onl y  b e a r r i v e d  a t  by i n t e r ­
c h an g in g  a and b i n  t h e  a n t i - b o n d i n g  MO o f  t h e  c a r b o n y l  
group* When t h e  c o r r e c t  MO i s  u se d  a v a l u e  o f  Aq=q- = 
-1*78 eV i s  r e q u i r e d  t o  r e p r o d u c e  N ag ak u ra * s  r e s u l t s
O p  0
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I t  has  b een  d e m o n s t r a t e d  f o r  a c r o l e i n  i n  t h i s  
work t h a t  w i t h  t h e  n e g l e c t  o f  g round s t a t e  d e p r e s s i o n
a v a l u e  o f  Aq=q ^ - 1 * 7 8  eV i s  r e q u i r e d  f o r  a g re em e n t  
b e tw ee n  t h e  f i r s t  c a l c u l a t e d  t r a n s i t i o n  e n e r g y  and t h e  
e x p e r i m e n t a l  band a t  6 *h-l eV. F o r  b e n z a ld e h y d e  a v a l u e  
Of Aq_0 = -2* 2 0  eV g i v e s  e x c e l l e n t  a g re e m e n t  b e tw ee n  
t h e  c a l c u l a t e d  and e x p e r i m e n t a l  e n e r g i e s  when ground  
s t a t e  d e p r e s s i o n  i s  n e g l e c t e d ,  b u t  i f  t h i s  d e p r e s s i o n  
i s  t o  be i n c l u d e d  i t  can  be  shown t h a t  a v a l u e  o f  Aq_q^ 
-1*20  eV i s  r e q u i r e d  f o r  e q u i v a l e n t  a g r e e m e n t .  The 
i n c l u s i o n  o f  ground  s t a t e  d e p r e s s i o n  r e q u i r e s  m a rk e d ly  
d i f f e r e n t  v a l u e s  o f  A ^ ^ f o r  a c r o l e i n  and b e n z a ld e h y d e  
w h e re a s  t h e  n e g l e c t  o f  t h i s  d e p r e s s i o n  n e c e s s i t a t e s  an 
Aq_q v a l u e  w h ich  i s  r e a s o n a b l e  f o r  b o t h  m o l e c u l e s .  I t  
I s  t o  be t e n t a t i v e l y  c o n c lu d e d  t h a t  t h e  p r e s e n t  p r o c e ­
d u r e  o f  n e g l e c t i n g  t h i s  d e p r e s s i o n  i s  p r o b a b l y  b e t t e r *  
F u r t h e r ,  a g re em e n t  b e tw ee n  t h e  c a l c u l a t e d  and e x p e r im e n ­
t a l  t r a n s i t i o n  e n e r g i e s  o f  g l y o x a l  r e q u i r e s  a v a l u e  o f  
Ac=0< ”1 • 78 eV when ground  s t a t e  d e p r e s s i o n  i s  n e g lec ted .  
The c a l c u l a t i o n s  on g l y o x a l  and a c r o l e i n  were  
r e p e a t e d  w i t h  v a l u e s  o f  A ^ .q  In  t h e  r a n g e  ~l**+0 t o  , 
-2*20  eV# I t  was s e e n  t h a t  b e t t e r  a g re em e n t  would be  
o b t a i n e d  f o r  Ac _ 0 ^ - 2 * 2 0  eV, b u t  t h e  v a l u e  o f  =
- 2 , 2 0  eV was a d o p te d  b e c a u s e  o f  i t s  e x c e l l e n c e  f o r  
b e n z a ld e h y d e *
The v a l u e s  f o r  I q- q and t h e  f i r s t  two a e r o -
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Xein'IPs ( I n -acro le in  and a cr o le in )  were taken from-L cL
T u r n e r ’ s work (60)* I t  i s  n o t  known w h e t h e r  t h e  P»method 
w i l l  a f f o r d  r e l i a b l e  r e s u l t s  f o r  t h e  e l e c t r o n  a f f i n i t i e s  
o f  h e t e r o  m o l e c u l e s , c e r t a i n l y  t h e  e m p i r i c a l  v a l u e  o f  
Aq_q = -2 *2 0  eV compares  p o o r l y  w i t h  t h e  c a l c u l a t e d  v a l u e  
o f  -0*53 eV f o r  fo rm a ld eh y d e *  The e l e c t r o n  a f f i n i t y  o f  
a c r o l e i n  (A a c r o l e i n )  h a s  b e e n  g i v e n  t h e  two e m p i r i c a l  
v a l u e s  - 1 . 2 0  e ?  and - 2 . 2 0  eV, e i t h e r  o f  t h e s e  v a l u e s  
a p p e a r i n g  t o  be r e a l i s t i c  i n  view o f  t h e  e m p i r i c a l  v a l u e  
a d o p te d  f o r  A.^_q An e m p i r i c a l l y  c h o se n  v a l u e  f o r  t h e  
second  e l e c t r o n  a f f i n i t y  o f  a c r o l e i n  would i n t r o d u c e  a 
f u r t h e r  u n c e r t a i n t y , and i n  view o f  t h e  h i g h  e n e r g i e s  o f  
f h e f c h a r g e  t r a n s f e r  c o n f i g u r a t i o n s  i n v o l v i n g  t h i s  p a r a ­
m e t e r  t h e  e r r o r  r e s u l t i n g  from i t s  n e g l e c t  w i l l  a lm o s t  
c e r t a i n l y  be s m a l l .
The lone pair  IP (In ) i s  that  of formaldehyde 
and i s  taken from Turner’ s work ( 6 0 ) .
Previous MIM c a lc u la t io n s  on carbonyl compounds 
(93? 9^) ignored charge tra n s fe r  conf igurations  involv ing  
^aQ assumption being made that  these  configurations  
would be of too high an energy to  mix in appreciably with 
the other configurations* This assumption has been 
shown to  be va l id  in t h i s  work, but i t  i s  to  be remarked 
that  t h i s  i s  la r g e ly  due to  the use cf a more recent ex­
perimental value of Iq _ q  (60)  which i s  2*6 eV larger  than' 
that  prev iously  reported (95)*
KiJ.
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'M-a7T - » T  * T r a n s i t i o n s
( i ) M o l e c u l a r  O r b i t a l s  o f  t h e  Component Sys tem s 
b en ze n e
H i  = ( 2 ct>i + 4*2 ” 4^3 ‘  2(K  " ^ 5  + 4) 6 )
T 3 = *  ( 9 2 + ^ 3  " " ^ 6  5
H i  = i  ( <t)2 -  <t>3 + <J)5 -<f>6 )
%  = l 2 "*  ( - %  + <t>2 + ^ 3  " 2 < P b + f y +P 6 )
a c r o l e i n
. = 0 . 2882^  + o A l 63d>2 + 0 . 5169(f3 + 0 . 6903^
e 2 = 0 . 6039^  + 0,5823(^2 -  0 . 0886(|)3 -  0 .5 3 7 0 ^
0 3 ="0. 617^  + 0 . 3652^2 + 0 . 5752^  - 0 . 3932^
0^  = 0 .1+136^1 -  0.5951<j>2 + 0.6278 (^ 3 -  0 .2 8 3 8 ^
55
e t h y l e n e
i
-  o~0 . = 2 "® (4>l  + % ) CO. =
© 2 = 2_i «JL - 4 2 ) W2 = -  a<f)2
a = 0*^858,  b = 0 .8 7 ^ 1
The MOs o f  e t h y l e n e  and b e n z e n e  a r e  symmetry 
d e f i n e d  w h e re a s  t h o s e  o f  fo rm a ld e h y d e  and a c r o l e i n  a r e  
t a k e n  f rom t h e  P-method c a l c u l a t i o n s  i n  t h i s  work.
Fo r  b e n ze n e  Vj-/^ and a r e  d e g e n e r a t e  a s  a r e
^ 1+ and M7 t h e  o t h e r  two MOs and Vp ^ n o t  b e in g  
g i v e n  s i n c e ,  t o  a good a p p r o x i m a t i o n ,  t h e y  a r e  n o t  
n e c e s s a r y  t o  a f f o r d  a good i n t e r p r e t a t i o n  o f  t h e  b e n z e n e  
e l e c t r o n i c  s p e c t r u m  ( 9 6 ) .
( i i ) Charge  T r a n s f e r  C o n f i g u r a t i o n s  o f  t h e  
C om pos i te  Sys tem s
F o r  g l y o x a l ,  o -  and p~ b en z o q u in o n e  ( f rom  two 
a c r o l e i n  s u b - s y s t e m s )  t h e  MOs o f  t h e  i d e n t i c a l  component 
s y s te m s  a r e  d e n o te d  by ©  and CO. F o r  p ^ b e n z o q u in o n e  (two 
e t h y l e n e  + two f o r m a ld e h y d e  com po n en ts )  t h e  b o n d in g  
e t h y l e n e  MOs a r e  d e n o te d  b y a n d  ©^ and t h e  a n t i ­
b on d in g  o r b i t a l s  a r e  d e n o te d  by © ^ an<^  ® 1+ r e s p e c t i v e l y ,  
t h e  b o n d in g  f o r m a ld e h y d e  MOs a r e  d e n o te d  by 60^  and CO 3 
and t h e  a n t i - b o n d i n g  MOs a r e  d e n o te d  by 10 ^  an(  ^ W 1+ 
r e s p e c t i v e l y .
g l y o x a l  a c r o l e i n  b e n z a ld e h y d e
© i - 1  m 2 , c o 1 "1 e  2 © 1 - 1 c o 2 t l ’ 1 6 0  2 > T 3 ~ l t 0 2
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PJL and p^'benz o q u in o n e  (two a c r o l e i n - c o m p o n e n t s )
tO-Ltel © ^ 3 U ^ 1 © ^ ?  O ' ^ H d  @ 2 ^ ^  3 9
■ e n z o q u in o n e  (two f o r m a ld e h y d e  + two e t h y l e n e  components  
' f 1 ^ ,  9 l _1 W 2 ’ e i ' l l 0 M & 3 ' 1 U 2>& 3 ' liOl4
The c o n f i g u r a t i o n  n o m e n c l a t u r e  a d o p te d  i n  t h e
P -m e th o d ,  "where t h e  c o n f i g u r a t i o n  c o r r e s p o n d i n g  t o  t h e
i r
t r a n s i t i o n  ^  —>  r r  was d e n o te d  by ^  , ha s  n o t  b e en
f o l lo w e d  i n  t h e  MIM m etho d ,  t h e  e q u i v a l e n t  r e p r e s e n t a t i o n  
now b e in g  V *  - 1 *  T h i s  change  h a s  b e e n  made f o r  
c l a r i t y  so t h a t  t h e  MOs o f  t h e  component sy s te m s  can  
be  d e n o te d  d i f f e r e n t l y  ( e . g . 0  and t3 ) and do n o t  
have t o  be numbered c o n s e c u t i v e l y ,  t h e r e  i s  t h e n  no 
c o n f u s i o n  c o n c e r n i n g  t h e  t y p e  and s o u r c e  o f  any c o n f i g u ­
r a t i o n , ,
( i i i )  L o c a l l y  E x c i t e d  C o n f i g u r a t i o n s  o f  t h e  
Component Sys tem s
E nergy  (eV) f  r e f .
b e n ze n e
5 b  = 2 _ i ( b " V 5 - i c V f  Sc^  = 1+071 ° * 0 0 2  1 0 1
5 biu = Ep = 5.96 0.10 101
T'e = M f f y v  ¥  = 6 - 76lu J 0 . 6 9  101
5 e } u  = 2 ”ire4y :t g 1. p s  = 6 .7 6
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e t h y l e n e
7 c 60 102
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CO
1 2 7»92 103
a c r o l e i n
6 «M I  Oh
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The MOs and l o c a l l y  e x c i t e d  c o n f i g u r a t i o n s  o f  
a c r o l e i n  need  s p e c i a l  a t t e n t i o n  f o r  t h e  f o l l o w i n g  reasons®
( i )  The c a l c u l a t e d  s t a t e  e n e r g i e s  and t h e  
c o n t r i b u t i o n  o f  t h e  main c o n f i g u r a t i o n  fcpn t h i s  work 
a r e  shown b e lo w a
The i n t e r c o n f i g u r a t i o n a l  e n e r g i e s  a r e *^0 .3  ©V 
s m a l l e r  t h a n  t h e  s t a t e  e n e r g i e s 9 t h u s  j u s t i f y i n g  t h e  
s i m p l i f i c a t i o n  a d o p te d  i n  t h i s  work t h a t  e a c h  s t a t e  i n  
a c r o l e i n  may be a p p ro x im a te d  by a s i n g l e  c o n f i g u r a t i o n ®
( i i )  I t  i s  assumed t h a t  t h e  MOs o f  a c r o l e i n  
a r e  a good d e s c r i p t i o n  o f  t h i s  molecule® T h i s  i s  an 
a s s e r t i o n  w h ich  c a n n o t  be v e r i f i e d  s i n c e  t h e  p o o r  
a g re e m e n t  b e tw e e n  t h e  c a l c u l a t e d  P-method s t a t e  e n e r g i e s  
and t h e  e x p e r i m e n t a l  e n e r g i e s  may be due t o  o t h e r  f a c -
E nergy  (eV)
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&. t o r s  such  a s  p o o r  v a l u e s  f o r  t h e  e l e c t r o n  r e p u l s i o n  i n t e ­
g r a l s  w h ich  w i l l  a f f e c t  t h e  Cl t e r m s  f a r  more t h a n  t h e y  
w i l l  t h e  MOs«
( i i i )  W i th  b i p h e n y l ,  f o r  e x a m p le 5 t h e  b e n ze n e  
s y s te m s  a r e  j o i n e d  so t h a t  t h e  r e s u l t i n g  MOs span  an IK 
o f  t h e  p o i n t  g rou p  o f  b ip h e n y l *  I f  t h e  b e n ze n e  MOs a r e  
n o t  combined t o  g i v e  symmetry MOs o f  b i p h e n y l  no  e r r o r
i s  i n v o l v e d  b u t  t h e  t o t a l  Cl m a t r i x  d o e s  n o t  r e f l e c t  t h e
/
symmetry o f  t h e  c o m p o s i t e  system* How ever , t h a t  t h e  
a c r o l e i n  MOs a r e  n o t  symmetry MOs o f  p - b e n z o q u in o n e  i s  
a s e r i o u s  e r r o r  s i n c e  t h i s  i m p l i e s  t h a t  i n  t h i s  ■compo­
s i t e  sy s te m  t h e r e  a r e  t h r e e  d i f f e r e n t  p a i r s  o f  e q u i v a ­
l e n t  c a r b o n  a to m s ,  a c o n t r a d i c t i o n  o f  t h e  known g e o m e try  
o f  p -b en z o q u in o n e *  T h i s  u n s a t i s f a c t o r y  f e a t u r e  w i l l  be  
r e t a i n e d  s i n c e  t h e r e  i s  an accompanying  s i m p l i c i t y  o f  
c a l c u l a t i o n ,  and t h e  e r r o r  i n v o l v e d  i s  c o n s i s t e n t  w i t h  
t h e  a l r e a d y  q u a l i t a t i v e ,  n a t u r e  o f  t h e  c a l c u l a t i o n *
W ith  o~ benzoqu inone  t h i s  e r r o r  d o e s  n o t  
a p p e a r  s i n c e  t h e  a c r o l e i n  MOs a r e  symmetry MOs o f  t h e  
c o m p o s i t e  System*
( i v )  The p - b e n z o q u in o n e  c a l c u l a t i o n  was made 
w i t h  t h e  i n c l u s i o n  o f  N a g a k u r a ‘ s (9*0~n” a s s i g n m e n t
f o r  t h e  a c r o l e i n  8*^9 ©V t r a n s i t i o n *
*+a8 n —> HT * T r a n s i t i o n s
I t  i s  b e l i e v e d  t h a t  MIM c a l c u l a t i o n s  o f  
n  t r a n s i t i o n s  have  o n ly  b een  a t t e m p t e d  once
p r e v i o u s l y  (97)  and t h i s  was accompanied  by s c a n t  d e t a i l *
t r i p l e t  e n e r g i e s  has  b e en  c a r r i e d  ou t  i n  t h i s  work forbenz-  
■aldohyde^ g l y o x a l  and a c r o l e i n *  S i n c e ,  a s  w i l l  be shown 
l a t e r ,  t h e  HIM method d o e s  n o t  g i v e  a good d e s c r i p t i o n
have n o t  b e en  c a l c u l a t e d *
I n  t h i s  c h a p t e r  t h e  P-method c a l c u l a t i o n  on 
f o r m a ld e h y d e  w i l l  be r e p e a t e d  f o r  t i l  o f  ’i t s  t r a n s i t i o n s  
w i t h  t h e  MO e n e r g i e s  r e p l a c e d  by 1 ^ ,  ^C-O
hope t h a t  t h i s  w i l l  g i v e  an i n d i c a t i o n  o f  t h e  c o r r e c t n e s s  
o f  t h e  v a l u e  o f  -2*2 0  eV u sed  f o r e —u »
t h e  l o n e  p a i r  o r b i t a l  n  t o  t h e  a n t i  b o nd in g  MO o f  t h e  
c a r b o n y l  g rou p  c o u ld  be  te rm ed  a s  c h a r g e  t r a n s f e r ,  b u t  
i n  k e e p in g  w i t h  t h e  s p i r i t  o f  t h e  method t h i s  w i l l  be  
te rm e d  a l o c a l  e x c i t a t i o n  s i n c e  i t  i s  e x c i t a t i o n  w i t h i n  
t h e  c a r b o n y l  component o f  t h e  sy s te m  and may be e q u a t e d  
t o  t h e  fo rm a ld e h y d e  n  -™>1T t r a n s i t i o n  e n e r g y
The c a l c u l a t i o n  of  t h e  n —SHT s i n g l e t  and
—mmmm - JTo f  the~TT --VTF e l e c t r o n i c  s p e c t r a  o f  o~ and p - b e n z o -
JL
q u in o n e  t h e f t —^ TT t r a n s i t i o n  e n e r g i e s  o f  t h e s e  m o l e c u l e s
F o r  a c r o l e i n ,  s a y ,  an n  ™->TT* t r a n s i t i o n  from
L o c a l
E x c i t a t i o n
Charge
T r a n s f e r
b e n z a ld e h y d e
f o r m a ld e h y d e
g l y o x a l
a c r o l e i n
n l  ®2?n lf ^ 2  
n ~ 1 © 2
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Taking. a cr o le in  as an example the term
< n _ 1 «J2 l 5-tl ffia^  eclua^e(  ^ e i th e r  the ex p er i­
mental s in g le t  or t r i p l e t  n —y i F *  en erg ies  of formalde­
hyde, or i t  may he equated to  In-A _^_o + 2<n^U3 2 1 ni ° 2 >  -
<Cn^n^[ 63 2^ 2 ^  ^o r  s i n g i e t  an^ t o  I n “^ c= 0 ’"<^n l n lJ^  2 ^ ^  
for  the t r ip le t *  This double eq u a lity  for  the s in g le t  
and t r i p l e t  en erg ies  w i l l  be made for  a l l  the m olecules  
in  t h i s  work* I t  should be noted that fo r  a given  mole­
cu le the other on diagonal term (s) and a l l  the o f f  d ia ­
gonal terms are the same for  both the s in g le t  and t r i p l e t  
Cl m atrices in  both e q u a lit ie s*
k*9 Matrix Elements of the n —$>T* andlT -yTT* Cl 
Matrices*
Formulae for  the non-zero elements in  the  
t o t a l  Cl m atrices for' the n —>TT* a n d l T * t r a n s i t io n s  
are g iven  in  Appendix 3 except for  t h e ir —5HT tr a n s i t io n s  
of o- and p-benzoquinone from two a c r o le in  components 
s in ce  i t  i s  not p ra c t ic a b le  or u s e fu l  to  g ive  complex 
general formulae for  the in te r a c t io n s  in vo lved .
For the n -y iT  *  t r a n s i t io n s  of g ly o x a l only
terms for  a 2 x 2 Cl matrix have been g iven . This i s
1 1because the con figu ra tion s  n ~ 0 2 mi x
1 -1to g e th e r ,  as do n^ (02 an<i 0 2 , but under the ZD° 
approximation there i s  no mixing between p a ir s ,  r e s u l t in g  
in  two equ iva len t 2 x 2 Cl m atr ices . The s in g l e t -  
s in g le t  s p l i t t i n g  fo r  the low est n -y lT *  t r a n s i t io n s  has
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n o t  b e en  o b se rv ed  exp en d rn A n ta l ly ,  and t h a t  t h e  ZDO 
a p p r o x i m a t i o n  i s  so good i n  t h i s  c a s e  can  be s e e n  by 
c o n s i d e r i n g  a t y p i c a l  i n t e r a c t i o n . ,
< n 1 _ 1 ^ 2 |^{, = 2 < n 1 U 2 j 20 2 >
The o v e r l a p  b e tw ee n  n^  a n d W ^  ( f i r s t  t e r m ) ,
and t h a t  b e tw e e n  n^ and n ^  ( se co n d  t e r m )  i s  bound t o  be
s m a l l  a s  Brand  (98)  has  shown t h a t  g l y o x a l  i s  t r a n s p l a n a r
1  *i n  b o t h  t h e  g round  and n —y  TT s t a t e ,  a r e s u l t  w h ich
3 *i s  p r o b a b l y  a l s o  t r u e  f o r  t h e  n —y  "TT s t a t e .  S i m i ­
l a r l y  f o r  t h e  i n t e r a c t i o n  ^ n ^ ” ^ U n ^  ^©  2^
A l th o u g h  i r r e l e v a n t  h e r e  i t  i s  i n t e r e s t i n g  
t h a t  t h e r e  i s  some e v i d e n c e  f o r  t h e  s i n g l e t - s i n g l e t  
s p l i t t i n g  i n  p - b e n z o - ,  I s k - n a p h t h o -  aii-d 9 s l 0  -  a n t h r a -  
q u in o n e  (99)*
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CHAPTER 5
PREPARATIONS, MOLECULAR GEOMETRY AND PROGRAMS
5*1 Pr e p a r a t i o n s  and P u r i f i c a t i o n s
( i ) P o l a r o g r a p h y
T e t r a  e t h y l  ammonium p e r c h l o r a t e  (Et^NClO^)
¥ a s  p r e p a r e d  ( 1 0 5 ) by m ix ing  t o g e t h e r  s a t u r a t e d  aqueou s
s o l u t i o n s  o f  c o m m e r c i a l l y  o b t a i n e d  E t^NI and 
Mg(CIO^)^*6 H2O f o l lo w e d  by r e p e a t e d  r e c r y s t a l l i s a t i o n *  
Commercia l  d i~ rn e th y l  formamide (DMF) from H opk ins  and 
W i l l i a m s  was made 0*1 M i n  Et^NClO^ and t h e n  d r i e d  o v e r  
m o l e c u l a r  s i e v e  t y p e  V a ? an i n i t i a l  r e s u l t i n g  s u s p e n s i o n  
b e in g  f i l t e r e d  o f f .  T h i s  s o l u t i o n  was p a s s e d  t h r o u g h  a 
column o f  washed m o l e c u l a r  s i e v e  i m m e d ia te l y  p r i o r  t o  
u s e  i n  t h e  p o l a r o g r a p h i c  c e l l *
A s m a l l  p o l a r o g r a p h i c  wave o f  /^2^A  i n  h e i g h t  
was o b se rv e d  f o r  t h e  above s o l u t i o n  a t  o n s e t  - 1 , 7  V v s ,  
Ag/AgCl, By means o f  p o l a r o g r a p h y , g a s  c h ro m a to g ra p h y  
and i t s  r e t e n t i o n  i n  p o l a r o g r a p h y  u s i n g  a known p u re  
sample  o f  (nBu^NClO^ t h i s  wave was shown t o  be due 
t o  f o r m ic  a c i d  i n  t h e  s o l v e n t .  The c o n c e n t r a t i o n  of  
t h i s  i m p u r i t y  was n o t  s u f f i c i e n t l y  h i g h  t o  a f f e c t  t h e  
p o l a r o g r a p h i c  r e s u l t s  f o r  a r a n g e  o f  h y d r o x y - q u i n o n e s , 
a s  d e m o n s t r a t e d  by c o m p a r i s o n  w i t h  t h e  r e s u l t s  o b t a i n e d  
u s i n g '  a sample  o f  DMF p u r i f i e d  by vacuum d i s t i l l a t i o n
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( 106) .
The DMF was s t o r e d  o v e r  m o l e c u l a r  s i e v e  i n  
amber c o l o u r e d  b o t t l e s ,  and t h e  Et^NClO^ was s t o r e d  
o v e r  an a d e s s i c a t o r *
( i i )  ESR
Com mercia l  g a s  c h r o m a t o g r a p h i c a l l y  p u re  
DMF f rom  H opkins  and W i l l i a m s  was d r i e d  and s t o r e d  a s  
b e f o r e ,  b u t  im m e d ia t e l y  p r i o r  t o  u s e  was f u r t h e r  p u r i ­
f i e d  by vacuum d i s t i l l a t i o n *
( i i i )  Charge  T r a n s f e r
S p e c t r o g r a d e  d i c h l o r o m e t h a n e  from 
Anderman was u s e d  a s  r e c e i v e d .  T e t r a  m e th y l  p - p h e n y l e n e  
d i a m in e  (TMPD) was p r e p a r e d  a s  d e s c r i b e d  b e lo w ,  t h e  d e ­
t a i l s  b e in g  v e r y  k i n d l y  s u p p l i e d  by D r .  M.E* P e o v e r  i n  
a p r i v a t e  com m unica t ion^
TMPD d i - h y d r o c h l o r i d e  (25gra) f rom  BDH 
was added t o  an i c e - c o l d  s t i r r e d  aqu eo u s  s o l u t i o n  o f  
sodium b i - c a r b o n a t e  ( 17g m / l 50m l ) ,  t h e  w h i t e  b l u e  p r e ­
c i p i t a t e  t h e n  b e in g  f i l t e r e d  o f f .  The b l u e  o x i d a t i o n  
p r o d u c t  was removed by s e p a r a t i o n  w i t h  an  e t h e r - w a t e r  
m i x t u r e  where  t h e  d i a m in e  was v e r y  s o l u b l e  i n  t h e  e t h e r .  
A f t e r  pumping o f f  t h e  e t h e r  t h e  d i a m in e  was p u r i f i e d  
by s u b l im o , t io n  u n d e r  vacuum, i n  c o m p a r i s o n  w i t h  P e o v e r 1 s 
method (21)  o f  r e c r y s t a l l i s a t i o n  from e t h a n o l  
m .p .  *+9-50°C ( c . f *  P e o v e r  5 l ° C ) .  The d i c h l o r o m e t h a n e  ' 
was s t o r e d  i n  amber c o l o u r e d  b o t t l e s ,  and t h e  TMPD was 
s t o r e d  o v e r  an a d e s s i c a t o r *
, ( i v )  Compounds^ t o  _be s t u d i e d
Many t h a n k s  a r e  due t o  t h e  f o l l o w i n g  f o r  t h e i r  
k in d  d o n a t i o n s  of  s a m p le s .  Drs« P .L .  C o r t  and P.M.B* 
R o d r ig u e z  ( S u r r e y )  -  n a p h t h a z a r i n ,  D r .  B u r s t a l l  ( S u r r e y )  
- I s ^ - d i a c e t o x y « 9 ? 1 0 - a n t h r a a u i n o n e  and D y e s t u f f s  D i v i s i o n  
( I C I )  - I s ^ s 5 s 8 - t e t r a - h y d r o x y - 9 s l O - a n t h r a q u i n o n e ,
Most o f  t h e  r e m a in in g  compounds i n  T a b le  5*1
were o b t a i n e d  c o m m e r c i a l l y 3 and f o r  t h o s e  w hich  were  n o t  
t h e i r  p r e p a r a t i o n s  a r e  g i v e n  b e lo w .
( a )  P r e p a r a t i o n s
An h y d ro u s  r h o d i z o n i c  a c i d  Cl07* 1 0 8 )
The h y d r a t e  was vacuum sub l im ed  a t  155°C. 
Li t h i u m  and Sodium S a l i c y l a ld e h y d e s  
Sodium s a l i c y l a l d e h y d e  was p r e p a r e d  by a d d in g  
s a l i c y l a l d e ' n y d e  t o  a  sodium h y d r o x i d e  s o l u t i o n  and r e -  < 
c r y s t a l l i s i n g  t h e  p r o d u c t  f rom e t h a n o l .  L i t h i u m  s a l i c y l ­
a ld e h y d e  was p r e p a r e d  by a d d in g  m e t a l l i c  l i t h i u m  t o  s a l i ­
c y l a l d e h y d e  f o l lo w e d  by w ash ing  o f  t h e  p r o d u c t  w i t h  
b e n z e n e .
2s3 o 5 - t r i - b r o m o ~ 8 - h y d r o x y - l s * + - n a p h t h o q u i n o n e
( 1 0 9 ) .  ' ;
T h i s  compound was p r e p a r e d  by t h e  a c t i o n  o f  
b ro m in e  on j u g l o n e  i n  g l a c i a l  a c e t i c  a c i d  f o l lo w e d  by 
r e c r y s t a l l i s a t i o n  f rom a c h l o r o f o r m ^ p e t . e t h e r  m i x t u r e  
m .p .  177°C ( l i t ,  17 0 °C ) .
(109),
T h is  compound was p r e p a r e d  by ‘warming an a l k a ­
l i n e  aqu eo us  e t h a n o l i c  s o l u t i o n  o f  t h e  above t r i - b r o m i d e  
f o l lo w e d  by r e c r y s t a l l i s a t i o n  o f  t h e  p r o d u c t  f rom  e t h a n o l  
m .p .  237-2'+0°C ( l i t .  23 6 °C ) ,
l g ^ - d i - m e t h  oxy -  9 310 - an t  h r  a q u  i n  on e
T h i s  compound was p r e p a r e d  by B u r s t a l ^ s  method
(110)  i n v o l v i n g  m e t h y l a t i o n  of  l s 1+-d i-hydrQxy~9o 10 -  
a n t h r a q u i n o n e  w i t h  d i - m e t h y l  s u l p h a t e  i n  a c e to n e *  The 
r e s u l t i n g  y e l l o w  c r y s t a l s  were  su b l im ed  u n d e r  vacuum 
m .p .  1 7 3 - 1 7 ^ °C ( l i t .  1 6 9 -1 7 0 °C ) .
I s  5 ~ d i - m e th o x y ~ 9 g 1 0 - a n th r a q u in o n e
T h i s  compound was o b t a i n e d  by B u r s t a l l ’ s 
m e t h y l a t i o n  method ( s e e  ab o ve)  f rom Is  5“<^i“ h yd ro x y -9 ?  10 -  
a n t  h r a q u i n o n e  9 t h e  r e s u l t i n g  y e l lo w  c r y s t a l s  b e in g  vacuum 
su b l im ed  m.p* 235°C ( l i t .  232 -  23*+°C).
5 -met h oxy -1  s h  - n a p h t  h o q u in  oner ■ urn .i -im«- ii ~i —rui-'- rn—it r -| vi if 1 • i ht r i r-ii1—ir    — —-
A tte m p te d  m e t h y l a t i o n  o f  5“ h y d r o x y - I s h - n a p h ­
t h o q u i n o n e  by t h e  B u r s t a l l  method p ro v ed  u n s u c c e s s f u l .
A method o f  p r e p a r i n g  t h i s  compound i n  t h r e e  s t a g e s  has  
b e e n  r e p o r t e d  (111)  b u t  was found i n  t h i s  work t o  f a i l  
a t  t h e  t h i r d  s t a g e .
T h i s  compound was n o t  p r e p a r e d »
2 s 5 -d i - m e t h o x y - l g ^ - b e n z o q u i n o n e .
T h i s  compound was p r e p a r e d  by s a t u r a t i o n  of
a . m e t h a n o l i c  s o l u t i o n  of  2s J - d i - h y d r o x y - l s ^ - b e n s o q u i n o n e  
w i t h  hy d ro g en  c h l o r i d e  g a s  ( 1 1 2 ) ,  t h e  r e s u l t i n g  compound 
h e in g  p u r i f i e d  by vacuum s u b l i m a t i o n  sub® 310°C w i t h  
decomp® ( l i t ,  s u b .  ^ 2 0 0°C  b u t  a l s o  m .p .  183°C (113)  )• 
T e t r a - m e t h o x y - l g ^ - b e n z o q u i n o n e  
M e t h y l a t i o n  o f  t e t r a - h y d r o x y - 1 g ^ - b e n z o q u i n o n e  
was a t t e m p t e d  by b o t h  t h e  B u r s t a l l  method and t h e  method 
u se d  above f o r  2g 5 - d i - m e th o x y - l g l + - b e n z o q u i n o n e ,  b o t h
m ethods  p r o v i n g  t o  be  u n s u c c e s s f u l .
No su ita b le  method of preparing t h i s  compound 
was found in  the l i te r a tu r e *
T h is  compound was p r e p a r e d  from  2 - a ’m i n o - 9 s l 0 -  
a n t h r a q u i n o n e  by d i a z o t  i z a t i o n  f o l l o w e d  by h y d r o l y s i s ,  
t h e  y e l l o w  p r o d u c t  b e in g  su b l im ed  u n d e r  vacuum 
m .p ,  315~316°C, ( l i t ,  2^+3°C ) .  T h i s  method i s  t h a t  emp­
lo y e d  by U llmann  and C o n z e t t i  ( I l k ) f o r  t h e  p r e p a r a t i o n  
o f  t h e  1 - h y d ro x y  i s o m e r .
(b) P u r if ic a t io n
A wide r a n g e  o f  s i n g l e  and mixed s o l v e n t s  was 
t r i e d  f o r  r e c r y s t a l l i s a t i o n  w i t h  o n ly  l i m i t e d  s u c c e s s .  
The r e a l  d i f f i c u l t y  was i n  o b t a i n i n g  a s u i t a b l e  medium 
f o r  r e c r y s t a l l i s a t i o n  o f  t h e  h y d r o x y - q u i n o n e s , a l t h o u g h  
i t  was found l a t e r  t h a t  a s u i t a b l e  mixed s o l v e n t  o f  
t o l u e n e  and c a r b o n  t e t r a c h l o r i d e  ( I s l ' b y  vo lume)  had 
b e e n  r e p o r t e d  (1 1 5 )•
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Zone r e f i n i n g  'was found n o t  t o  be a s u i t a b l e  
p u r i f i c a t i o n  t e c h n i q u e  a s  many o f  t h e  h y d r o x y - q u i n o n e s  
decomposed n e a r  t h e i r  m o l t i n g  p o i n t .
H ow ever9 vacuum s u b l i m a t i o n  was found t o  be  
an e x c e l l e n t  method o f  p u r i f i c a t i o n ,  and was a p p l i e d  t o  
a l l  t h e  compounds l i s t e d  i n  T a b le  5*1 w i t h  t h e  f o l l o w i n g  
e x c e p t i o n s .
R h o d iz o n ic  a c i d  h y d r a t e  was p u r i f i e d  by r e c r y ­
s t a l l i s a t i o n  ( 1 0 7 ) a s  i t .  d o e s  n o t  su b l im e  t o  t h e  h y d r a t e  
(107 ,  1 0 8 ) .  The two bromo d e r i v a t i v e s  o f  1%^ - n a p h t h o ­
q u in o n e  and t h e  two s a l i c y l a l d e h y d e  d e r i v a t i v e s  were  r e ­
c r y s t a l l i s e d  i n  t h e  manner d e s c r i b e d  p r e v i o u s l y  a s  i t  was 
f e l t  t h a t  t h e r e  would be a t e n d e n c y  t o w a r d s  d e c o m p o s i t i o n  
on s u b l i m a t i o n .  ;
T a b le  5 . 1 .  C om par ison  o f  Observed and L i t e r a t u r e  M e l t i n g  
P o i n t s  o f  t h e  Compounds i n  t h i s  Work.
C omp ound
p - b e n z o q u in o n e  
2s 5 - d i - h y d r o x y -  
2 s 5 - d i - m e t h o x y -
t e t r a - h y d r o x y -
l s  2 - n a p h t h o q u i n o n e
1 s b  -n ap  h t h  o q u in  one 
# se e  t e x t
m p .(°C )  l i t . m p . ( uC) c o l o u r
1 1 3 - 1 1 ^  1 1 5 * 7
~ 2 2 0  subo 215-220  
sub*
su b .  310 200 s u b 0*
w i t h  decomp. 210-220  
d ec  omp.
~ 3 0 0  decomp* 
d ec  omp ©
1 1*9-150  l 1* 5 - l 1+7
1 2 3 . 5 - 1 2 5  1 2 5
y e l l o w
sand
y e l l o w
b l a c k
o ran g e  
-  sand
y e l l o w
T a b le  % 1  c o n t , . « \
5 - h y d r o x y - ( j u g l o n e ) 162-163 1 53 -1 5 1+ sand
5 s 8 - d i - h y d r o x y -  
( n a p h t h a z a r i n )
230-2^-0
su b .
276-280 p u r p l e
2 s 3 ~ d i - b r o m o - 5 s 8 - d i -  
hydroxy  -
237® 2^+0 236 brown
2s3 s 5 - t r i - b r o m o - 8 -  
h y d r o x y -
177 170 d eep  r e d
9 s l 0 ~ a n t h r a q u i n o n e 279-281 286 sub* y e l l o w
2 - h y d r o x y ­ 3 15 -3 1 6 2>+3 y e l l o w
l s  2 - d I - h y d  r o x y -  
( a l i z a r i n )
28.9 289-290 o ran g e
l s k - d i - h y d r o x y * *  
( q u i n i z a r i n )
196 1 9 ^ -1 9 5 d eep  red 
- o r a n g e
1 s 5  -d i  -  hyd r  oxy -  
( a n t h r a r u f i n )
2 78-279 280 y e l l o w
l a 8 - d i - h y d r o x y -  
( c h r y s a z i n )
19^ 193 o ran g e
l s k - d i - m e t h o x y ~ 17 3 -1 7 ^ 169-170 y e l l o w
l a k - d i - a c e t o x y - 2 06-207 208 y e l l o w
1%5 - d i - m e t h o x y - 235 2 32-23^ y e l l o w
l s 2 s  5 s 8 - t e t r a - h y d r o x y -  
( q u i n a l i z a r i n )
275-290
decomp.
>275 deep  red 
- o r a n g e
l s ^ s  5 s 8 - t e t r a - h y d r o x y - 3^5
300 su b .
— b l a c k
9 s l 0 - p h e n a n t h r a q u i n o n e 208-209 2 06-207 y e l l o w
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^  The 'd im en s io n s  of  b e n z a ld e h y d e  and benzophenone  
(a p p r o x im a te d  a s  p l a n a r )  were  t a k e n  a s  t h o s e  of 
b e n z o i c  a c i d  (1.16)*
*  e s t i m a t e d  from  a P ^  r e l a t i o n  u s i n g  HMOs.
D im en s io n s  t a k e n  from p -b enzoq u ino n e  (116)  and t h e  
c e n t r a l  bond of  d i a n t h r O n y l i d e n e  (116)«.
Dor I s ^ - n a p h t h o q u i n o n e  and 9 « 1 0 - a n t h r a q u i n o n e  
no s u i t a b l e  e x p e r i m e n t a l  v a l u e s  o f  t h e  bond l e n g t h s  could 
be  found  i n  t h e  l i t e r a t u r e * L e i b o v i c i  and P e sc h a m p s  (118)  
c a l c u l a t e d  t h e  bond l e n g t h s  o f  t h e s e  two m o l e c u l e s  f rom  
t h e  HMO bond o r d e r s  u s i n g  a C o u lso n  t y p e  r e l a t i o n  (119)* 
T h a t  t h e  e n s u in g  SCF bond o r d e r s  gave  bond l e n g t h s  i n  
c l o s e  a g re em e n t  was t a k e n  a s  an i n d i c a t i o n  o f  t h e  v a l i ­
d i t y  o f  t h e  method and o f  the, c o r r e c t n e s s  o f  t h e  c a l c u ­
l a t e d  bond l e n g t h s o  T h i s  i s  n o t  t h e  v iew t a k e n  h e r e .  
S i n c e  HMOs a r e  u s u a l l y  q u i t e  good a p p r o x i m a t i o n s  t o  .
SCF MOs t h i s  a g re e m e n t  i s  n o t  a l t o g e t h e r  s u r p r i s i n g *
The f o l l o w i n g  p r o c e d u r e  h a s  b e en  a d o p te d  i n  t h i s  work*
(1 )  A l l  b e n z e n e  bond d i s t a n c e s  1 o39*&9 i n c l u ­
d in g  t h e  bond common t o  t h e  b e n ze n e  and q u in  one r i n g s .
(2 )  A l l  b onds  j o i n e d  t o  t h e  b e n z e n e  r i n g s  
a r e  a t  120° and o f  l e n g t h  1 *51-^ *
(3 )  Quinone t1C-C d o u b le  b o n d ” 1.31-S when
n o t  common t o  a b e n z e n e  r in g *
o
( b )  C a rb o n y l  bond l e n g t h  1.15A*
F o r  o -b e n z o q u in o n e  a r e l a t i o n  w i t h
EMOs had t o  he u se d  s im p ly  b e c a u s e  -no o t h e r  means o f  
e s t i m a t i n g  bond d i s t a n c e s  i s  a v a i l a b l e  i n  t h i s  case*
5*3 P rogram s and P r o c e d u r e s
The com pute r  u se d  was t h e  E l l i o t t  503 "with t h e  
programming l a n g u a g e  an E l l i o t t  form o f  A l g o l ,
P rogram  ( i )
The HMOs and MO e n e r g i e s  were c a l c u l a t e d  u s i n g  
t h e  w e l l  known J a c o b i  m a t r i x  d i a g o n a l i z a t i o n  p r o c e d u r e  
The P-method c a l c u l a t i o n s  were n o t  c o m p l e t e l y  
a u t o m a t i c  i n  t h e  s e n s e  t h a t  t h e  s t a t e  e n e r g i e s  were  ob­
t a i n e d  i n  s i n g l e  s t e p  f rom some e l e m e n t a r y  p P i n t  .o*g„ t h e  
a to m ic  c o - o r d i n a t e s  ( 1 2 0 ) 9 b u t  were  c a r r i e d  ou t  i n  t h e  
s t e p s  o u t l i n e d  below*
o r d i n a t e s  t h e  SCE o r b i t a l s 9 Cl e l e m e n t s  and t h e  c o n t r i ­
b u t i o n s  f rom e a c h  s i n g l y  e x c i t e d  c o n f i g u r a t i o n  t o  t h e  
t r a n s i t i o n  moment were  o b t a i n e d .  The Fr r  t e r m s  and t h e
Y e x0 n j r  o *
Program  ( i v )
The Cl m a t r i c e s  were  s e t  up and d i a g o n a l i z e d
Program  ( i i )
C a l c u l a t i o n  o f  i n t e r a t o m i c  d i s t a n c e s  f rom  t h e  
a to m ic  c o - o r d i n a t e s *  The ^ ^ a n d  v a l u e s  were  t h e n  
o b t a i n e d  a s  d e s c r i b e d  p r e v i o u s l y *
ram
r i c e s  and a to m ic  c o -
o f f  d i a g o n a l  n —»'TT *  C l  t e r m s  were  hand c o r r e c t e d  f o r
s t a t e  e n e r g i e s  and t h e  c o n t r i b u t i o n s  o f  t h e  a p p r o p r i a t e  
s i n g l y  e x c i t e d  c o n f i g u r a t i o n s  t o  e a c h  s t a t e  were o b t a i ­
ned*
Program  ( v ) .
From t h e  c o n t r i b u t i o n  of  e a c h  c o n f i g u r a t i o n  
t o  a g i v e n  s t a t e  (Program  ( i v )  ) and t h e  c o n t r i b u t i o n  
from e a c h  c o n f i g u r a t i o n  t o  t h e  t r a n s i t i o n  moment 
(Program  ( i i i )  ) t h e  t r a n s i t i o n  moments and o s c i l l a t o r  
s t r e n g t h s  f o r  ground  t o  e x c i t e d  s t a t e  t r a n s i t i o n s  were  
c a l c u l a t e d o
For  o -b e n z o q u in o n e  a m inor  d e v i a t i o n  i n  
t h e  d e t e r m i n a t i o n  o f  ^ n n 1 and ^n"0n! was a d o p te d  s i n c e ,  
owing t o  t h e  c l o s e  p r o x i m i t y  o f  t h e  oxygen o r b i t a l s ,  
t h e  Sidman a p p r o x i m a t i o n  (36)  t h a t  ^ i r0-ir0 i = Y n n < = $rron 
c a n n o t  be  adopted . .  These  o r b i t a l s  a r e  f a r  enough a p a r t  
t o  c a l c u l a t e  t h e  e l e c t r o n  r e p u l s i o n  i n t e g r a l s  d i r e c t l y  
by t h e  ch a rg ed  s p h e r e s  method.
( v a l u e s  i n  eV) ^ttoTTo ’ |fnn7~ )f^oni
5,76 5.28 5,20
O r i g i n a l l y  a program, had b e e n  w r i t t e n  t o
o b t a i n  a l l  t h e  F 9 Cl i n t e r a c t i o n  t e r m s  and c o n f i g u r a -r s 7
t i o n  c o n t r i b u t i o n s  t o  t h e  t r a n s i t i o n  moments f rom HMOSo
P r o g ram ( v i )
Using  a m o d i f i e d  d a t a  i n p u t  a l l  t h e  i n t e r ­
a c t i o n  t e r m s  f o r  t h e  HIM c a l c u l a t i o n s  were  r e a d i l y
g o n a l i z e d  (Program  ( i )  ) a f t e r  h av in g  t a k e n  t h e  a p p r o ­
p r i a t e  symmetry c o m b i n a t i o n s  o f  t h e  l o c a l l y  e x c i t e d  c o n ­
f i g u r a t i o n s  and s u b s t i t u t i n g  t h e  a p p r o p r i a t e  v a l u e s  f o r  
t h e  I P s 9 As and t h e  on d i a g o n a l  e l e m e n t s  f o r  t h e  i n t e r ­
a c t i o n  o f  l o c a l l y  e x c i t e d  c o n f i g u r a t i o n s .  The t r a n s i t i o n  
moments and o s c i l l a t o r  s t r e n g t h s  were c a l c u l a t e d  a s  
b e f o r e  (Program  (v )  )•
P rogram  ( v l i )
S p in  d e n s i t y  c a l c u l a t i o n s  gave  P + Q? P - Q9
J  + K and J  -  K f o r  a l l  p a i r s  o f  a toms u s i n g  t h e  d a t a
a l r e a d y  c a l c u l a t e d  f o r  t h e  P~method« F o r  s i m p l i c i t y
t h e  Y 9X c o r r e c t i o n  was n o t  a p p l i e d ,0 n  tto '
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6 .1  I n t r o d u c t i o n
A p o l a r o g r a p h i c  s t u d y  o f  an e x t e n s i v e  s e r i e s  
o f  q u i n o n e s ,  h y d r o x y - q u i n o n e s  and some r e l e v a n t  d e r i v a ­
t i v e s  has  b e en  c a r r i e d  ou t  t o  d e t e r m i n e  f o u r  q u a n t i t i e s *
(1)  The h a l f  wave p o t e n t i a l s  ( s f e<^ ) o f  t h e
2
r e d u c t i o n  s t e p s *
(2 )  i  m easu re  o f  t h e  r e v e r s i b i l i t y  o f  t h e  
f i r s t  r e d u c t i o n  s tep *
(3)  A s u i t a b l e  p o l a r i s i n g  p o t e n t i a l  so t h a t  
t h e  p r o d u c t  o f  t h e  f i r s t  r e d u c t i o n  step^ c o u ld  be e l e c t r o -  
c h e m i c a l l y  g e n e r a t e d  f o r  ESR s t u d i e s *
(h )  The number o f  e l e c t r o n s  i n v o lv e d  i n  t h e  
f i r s t  r e d u c t i o n  s t e p .
A l s o 5 t h e  e n e r g y  o f  t h e  c h a r g e  t r a n s f e r  b a n d s  
( U  has  b e e n  m easured  f o r  t h e s e  compounds u s i n g  a' 
common d o n o r .
S in c e  t h i s  work i s  c o n c e rn e d  s o l e l y  w i t h  
r e d u c t i o n  p o l a r o g r a p h y  Ex "will be u sed  t o  d e n o t e  t h e  
h a l f  wave p o t e n t i a l 9 t h e  s u p e r f i x  Mred »  b e in g  u n d e r s t o o d *  
H y d r o x y - q u in o n e s  i n  w hich  t h e  h y d r o x y l  g ro up  
i s  pe(r i  t o  t h e  c a r b o n y l  g ro up  a r e  w e l l  known t o  e x h i b i t  
h y d ro g e n  b on d in g  ( H - b o n d i n g ) 5 a s  d e m o n s t r a t e d ? f o r
VO
example , by NMR and IR stu d ie s  (115)«
The anomolous b e h a v i o u r  o f  t h e s e ' compounds 
w i t h  r e s p e c t  t o  t h a t  o f  t h e i r  p a r e n t  q u in o n e s  has  p r e ­
v i o u s l y  b e en  n o t e d  i n  p o l a r o g r a p h i c  ( 1 9 5 121)  and c h a r g e  
t r a n s f e r  a b s o r p t i o n  (21)  s t u d i e s .
The i n t e n t i o n  of  t h e  work p r e s e n t e d  i n  t h i s  
c h a p t e r  h a s  b een  t o  f u r t h e r  i n v e s t i g a t e  t h e  phenomena
o f  H-bond ing  i n  h y d r o x y - q u i n o n e s  by c o r r e l a t i n g  Ei and
2
j j  ^  w i t h  t h e  c a l c u l a t e d  e n e r g i e s  o f  t h e  l o w e s t  u n o c c u ­
p ie d  MOs. ( s e e  C h a p te r  !)«, These  two s e p a r a t e  c o r r e l a ­
t i o n s  were a t t e m p t e d  i n  o r d e r  t o  d e m o n s t r a t e  t h a t  t h e  
a p p a r e n t  a n o m o l i e s  o b t a i n e d  i n  t h e s e  c o r r e l a t i o n s  were  
n o t  s p e c i f i c  t o  e i t h e r  one o f  t h e  e x p e r i m e n t a l  m ethods  
b u t  were c h a r a c t e r i s t i c  o f  t h e  r e d u c i b l e  s p e c i e s *
A m easurem ent  o f  t h e  r e v e r s i b i l i t y  o f  t h e
f i r s t  wave i s  e s s e n t i a l  s i n c e  t h e  c o r r e l a t i o n  o f  Ei_
2
w i t h  c a l c u l a t e d  MO e n e r g i e s  i s .  d e p e n d e n t  on t h e  r e d u c ­
t i o n  b e in g  r e v e r s i b l e  ( s e e  A ppendix  1)* I t  h a s  a l s o  
t o  be d e m o n s t r a t e d  t h a t  t h e  f i r s t  r e d u c t i o n  s t e p  c o r r e ­
sponds  t o  a one e l e c t r o n  r e d u c t i o n  s i n c e  t h e  method o f  
d e t e r m i n i n g  r e v e r s i b i l i t y  d e p e n d s  on a knowledge  o f  t h e  
number o f  e l e c t r o n s  i n v o l v e d  i n  t h e  r e d u c t i o n .  A l s o ,  
i f  t h e  f i r s t  s t e p  d i d  n o t  c o r r e s p o n d  t o  a one e l e c t r o n  
r e d u c t i o n  t h e  c o r r e l a t i o n s  a d v o c a te d  would n o t  be 
m e a n i n g f u l  and t h e  p r o d u c t  o f  t h e  f i r s t  s t e p  would n o t  
be  a f r e e  r a d i c a l  and hence  n o t  d e t e c t a b l e  by ESR*
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6 . 2  T heory  o f  P o l a r o g r a p h y
P o l a r o g r a p h i c  r e d u c t i o n  (1 2 2 ,  1 2 3 9 12k-) i s  t h e  
r e d u c t i o n  o f  a s p e c i e s  i n  s o l u t i o n  a t  a  p o l a r i s a b l e  
e l e c t r o d e .  T h i s  e l e c t r o d e ,  t h e  c a t h o d e ,  i s  u s u a l l y  a 
d ropping"  m ercu ry  e l e c t r o d e  ( d . m . e . ) w h ich  p r o v i d e s  a 
c o n s t a n t l y  renewed s u r f a c e ,  and i t  i s  w i t h  t h i s  e l e c t r o d e  
t h a t  t h i s  work w i l l  be c o n c e r n e d .  The anode  p r o v i d e s  a 
c o n s t a n t  p o t e n t i a l  i n d e p e n d e n t  o f  t h e  c u r r e n t  d e n s i t y ,  
and i s  te rm ed  a r e f e r e n c e  e l e c t r o d e  e . g . s  s a t u r a t e d  
c a lo m e l  e l e c t r o d e  (SCE),  s i l v e r - s i l v e r  c h l o r i d e  e l e c t ­
r o d e  (Ag/AgCl) .
The s o l u t i o n  c o n t a i n s  a h i g h  c o n c e n t r a t i o n ,
a s  compared w i t h  t h a t  o f  t h e  r e d u c i b l e  s p e c i e s ,  o f  a 
h i g h l y  c o n d u c t in g  e l e c t r o l y t e  w i t h  a c a t i o n  r e d u c i b l e  
o u t s i d e  t h e  r a n g e  b e in g  i n v e s t i g a t e d ,  and i s  te rm ed  
t h e  s u p p o r t i n g  e l e c t r o l y t e .  At an  a p p l i e d  p o t e n t i a l  
where  r e d u c t i o n  i s  n o t  o c c u r r i n g  c u r r e n t  o f  a  c o n d e n s e r  
t y p e  w i l l  f l o w ,  t h e  c o n d e n s e r  b e in g  formed by t h e  
e l e c t r o l y t e  c a t i o n s  a round  t h e  n e g a t i v e l y  c h a rg e d  m er ­
c u ry  d r o p .  At an i n c r e a s e d  p o t e n t i a l  where  r e d u c t i o n  
o c c u r s  t h e  i n c r e a s e d  c u r r e n t  i s  t e rm ed  d i f f u s i o n  c u r r e n t  
s i n c e ,  u n d e r  t h e  c o n d i t i o n s  of  t h e  e x p e r i m e n t ,  i t  i s  
c o n t r o l l e d  by t h e r m a l  d i f f u s i o n  o f  t h e  r e d u c i b l e  s p e c i e s .  
I t s  maximum v a l u e  i ^ , t h e  l i m i t i n g  d i f f u s i o n  c u r r e n t ,  
i s  r e a c h e d  when a l l  t h e  r e d u c i b l e  s p e c i e s  i n  t h e  d o u b l e  
l a y e r , i s  r e d u c e d  f o r  e a c h  d r o p .
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The I l k o v i c  e q u a t i o n  (125$ 126) r e l a t e s  i^
t o  a number of  q u a n t i t i e s ,  and w i t h  t h e  s u b s t i t u t i o n
o f  a p p r o p r i a t e  v a l u e s  f o r  t h e  c o n s t a n t s  we have
i d = 607 n D2 m 3 t ^  C 6*1
where  i ^  i s  i n  y t tA ;  c o n c e n t r a t i o n  o f  t h e  r e d u c i b l e
-1s p e c i e s  C i s  i n  mM.l ; n  i s  t h e  number o f  e l e c t r o n s
i n v o lv e d  i n  t h e  r e d u c t i o n  s t e p ^  D i s  t h e  d i f f u s i o n
2c o e f f i c i e n t  o f  t h e  r e d u c i b l e  s p e c i e s  i n  cm. s e e . ;  m i s
-1t h e  mass o f  m ercu ry  f lo w in g  p e r  second i n  mg. s e c .  $ 
t  i s  t h e  m ercury  d ro p  t im e  i n  s e c s .
I f  a r e d u c t a n t  ( r e d )  i s  i n  therm odynam ic
e q u i l i b r i u m  w i t h  t h e  o x i d a n t  (ox)  a t  t h e  e l e c t r o d e  i n t e r ­
f a c e  ( s u b s c r i p t  i )  t h e n  f o r  an n e l e c t r o n  r e d o x  sy s te m
(o x )^  + lie ( r e d ) ^
t h e  N e r n s t  e q u a t i o n  g i v e s
E = E o -  g i n  ( a r e d ). /  ( a ^  6 . 2
w h ere -E  i s  t h e  r e d o x  p o t e n t i a l  o f  t h e  sy s te m  and a 
r e f e r s  t o  a c t i v i t y .  By a number o f  s i m p l i f i c a t i o n s  
(123)  we have
E = E0 -  RT I n  i  /  ( i d - i )  6 , 3
nF
where  E I s  t h e  p o t e n t i a l  a t  t h e  d . m . e .  and i  i s  t h e  
d i f f u s i o n  c u r r e n t  f l o w i n g .
For  t h e  c o n d i t i o n  t h a t  i  = i ^ / 2  we have
E (=TEi_) = E . The p o t e n t i a l  Ei i s  te rm ed  t h e  h a l f  
2 o  2
^    _ _ _ _ _  _„ _ .
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"wave r e d u c t i o n  p o t e n t i a l ,  and may be  t a k e n  a s  a c h a r a c ~
t e r i s t i c  o f  t h e  r e d u c i b l e  s p e c i e s .  The p l o t  o f  E
a g a i n s t  i  i s  t e rm ed  a p o l a r o g r a m  f ig o  6 . 1 .
The c o n s t r u c t i o n  l i n e s  by w h ich  Ei_ may be
2
o b t a i n e d  . f r o m - t h e  p o l a r o g r a m  t a k e  a;‘v a r i e t y  o f  fo rm s
(12*+), b u t  t h e  method shown i n  f i g .  6 . 1  ( d o t t e d  l i n e s )
h as  t h e  a d v a n t a g e  t h a t  b o t h  Ei_ and i ,m a y  be o b t a i n e d ;
s a
f rom t h e  same c o n s t r u c t i o n ,  
f i g .  6 . 1 .  A T y p i c a l  P o la r o g r a m
•zero c u , r r e r \  Y
E  vrs. r e f  e.i e o h  r o d e
The d i f f u s i o n  c u r r e n t  c o n s t a n t  i s  d e f i n e d
a s  i ^ / m 3 t^  C. Hence I^QCD2n from  e q u a t i o n  6 ,1*
S i n c e  1^ d e p e n d s  on ly  on t h e  s q u a r e  r o o t  o f  D t h e n  f o r
a s e r i e s  o f  s i m i l a r  s p e c i e s  t h e  v a r i a t i o n  i n  1^ w i l l  
be  due p r i m a r i l y  t o  a change  i n  n .  T h i s  work w i l l  b e  ,
c o n c e rn e d  m a in ly  w i t h  t h e  f i r s t  r e d u c t i o n  s t e p ,  i n
w h ich  c a s e  d i r e c t  c o m p a r i s o n  o f  1^ for.  t h e  f i r s t  wave 
o f  t h e  r e d u c i b l e  s p e c i e s  w i t h  t h a t  o f  a s i m i l a r  s p e c i e s  
known t o  u n d e rg o  a one e l e c t r o n  r e d u c t i o n  w i l l  g i v e  a 
v a l u e  t o  n .
r*niV'ir riiTh'fVr'iiV'irV'iiii
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A p l o t  o f  Ei_ a g a i n s t  I n  l / t i ^  -  i )  w i l l  g i v e  
2 a
a s t r a i g h t  l i n e  of  s l o p e  -  RT/nF f o r  a r e v e r s i b l e  r e d u c ­
t i o n  ( s e e  e q u a t i o n  6 . 3 ) .  How ever«, i n  t h i s  work a l e s s  
l a b o r i o u s  and somewhat l e s s  a c c u r a t e  method o f  d e t e r ­
m ining  r e v e r s i b i l i t y  was a d o p te d .  For  a r e v e r s i b l e  one 
e l e c t r o n  r e d u c t i o n  we have f rom e q u a t i o n  6 ,3  t h a t
E& “ Ejl =-56 mv 6A
4: 4
T h i s  i s  known a s  Tomes1 r e l a t i o n  (127)*
The measured,  p o t e n t i a l s  a r e  n o t  t h e  t r u e  
p o t e n t i a l s  a t  t h e  d . m . e .  s i n c e  t h e r e  i s  a p o t e n t i a l  
d ro p  i h  t h e  c i r c u i t .  To d e t e r m i n e  t h i s  d rop ^and  hence  
t h e  t r u e  p o t e n t i a l  a t  t h e  d . m . e . , ,  t h e  r e s i s t a n c e  R o f  
t h e  c i r c u i t  and t h e  t o t a l  c u r r e n t  i ^  f l o w in g  a t  t h e  
a p p l i e d  p o t e n t i a l  t o  be c o r r e c t e d  a r e  n e e d e d .  T h i s  
l a t t e r  q u a n t i t y  may be t a k e n  d i r e c t l y  from t h e  po larogram  
and R may be d e t e r m i n e d  i n  t h e  two ways d e s c r i b e d  b e lo w ,
(1 )  A p l o t  o f  Ei a g a i n s t  i .  f o r  a r a n g e  of
2 U
c o n c e n t r a t i o n s  o f  a g i v e n  s p e c i e s  g i v e s  R a s  t h e  s l o p e .
(2 )  Measurement  o f  R f o r  a s o l u t i o n  o f  s u p ­
p o r t i n g  e l e c t r o l y t e  u s i n g  an AC b r i d g e  g i v e s  a v a l u e  
a p p l i c a b l e  t o  DC p o l a r o g r a p h y .
6 ,3  Th e o ry  o f  Charge  T r a n s f e r
The e n e r g y  o f  t h e  c h a r g e  t r a n s f e r  band i s  
g i v e n  t o  a f i r s t  a p p r o x i m a t i o n  by
3 7 c t  = a  -  A -  c) / h o  6 . 5
a s  d e s c r i b e d  i n  C h a p te r  1 .  T h i s  e x p r e s s i o n  i s  a n a l o -  
gous  t o  t h e  f o r m u la  f o r  t h e  c h a r g e  t r a n s f e r  c o n f i g u r a -
O n U(J
j
t i o n  i n  t h e  MIM methods
M u l l i k e n Ts more c o m p le te  t r e a t m e n t  o f  c h a r g e  
t r a n s f e r  com plexes  (128)  i n  t e r m s  o f  an e s s e n t i a l l y  n o ­
bond ground s t a t e  and an e s s e n t i a l l y  p o l a r  e x c i t e d  s t a t e  
w i l l  n o t  be d e v e lo p e d  h e r e ,  t h e  s im p le  e x p r e s s i o n  g i v e n  
above b e in g  t a k e n  a s . s u f f i c i e n t  f o r  t h e  p r e s e n t  pu rpo se*  
An e x c e l l e n t  t r e a t m e n t  o f  c h a r g e  t r a n s f e r  
s p e c t r a  h a s  b e en  g i v e n  by M u r r e l l  ( 1 0 ) .
6 . h  HMO S n e r g i e s
F o r  a H-bond i t  h a s  b een  s u g g e s t e d  (129)  t h a t  
t h e  h y d ro g en  2p o r b i t a l  may be i n v o l v e d . The u s e  o f  this 
o r b i t a l  i s  n o t  f a v o u r e d  on e n e r g e t i c  g r o u n d s  ( 1 3 0 ) ,  b u t  
i t  h a s  b e e n  d e m o n s t r a t e d  on t h e o r e t i c a l  g ro u n d s  (131)  
t h a t  t h e  p r o m o t io n  o f  t h e  e l e c t r o n  i n  t h e  I s  o r b i t a l  t o  
t h e  2p o r b i t a l  r e q u i r e s  l e s s  e n e rg y  when t h e  h y d ro gen  
i s  i n  a H-bond t h a n  f o r  t h e  f r e e  a tom . I n  compounds of  
t h e  t y p e  w hich  form  i n t r a m o l e c u l a r  H -bo n d s ,  w h ich  w i l l  
i n c l u d e  a lm o s t  a l l  t h e  h y d r o x y - q u i n o n e s  i n  t h i s  w ork ,  
S h i g o r i n  (132)  h as  s u g g e s t e d  t h a t  t h e r e  i s  c o n s i d e r a b l e  
TT e l e c t r o n  p a r t i c i p a t i o n  i n  t h e  H-bond .  P u l lm an  and 
P u l lm a n  (133)  a d v o c a te d  t h e  i n c o r p o r a t i o n  of  t h e  H-bond 
i n t o  HMO t h e o r y ,  a s u g g e s t i o n  f o l lo w e d  up by G r i n t e r  
(1 3 ^ )  f o r  bond o r d e r  c a l c u l a t i o n s  on H-bonded c a r b o n y l  
s y s te m s  w h ich  i n c l u d e d  many o f  t h e  compounds i n  t h i s  
work* The HMO p a r a m e t e r  v a l u e s  u se d  i n  t h i s  work ( T a b le  
6 . 1 )  a r e  t h o s e  g i v e n  by G r i n t e r .  A lso  i n c l u d e d  i n  
t h i s  t a b l e  a r e  a s e t  o f  p a r a m e t e r  v a l u e s  u se d  by G r i n t e r
01
i c t  c a l c u l a t i o n s  on u n s u b s t i t u t e d '  c a r b o n y l  compounds 
and hydroxy  c a r b o n y l  compounds when H -bond ing  was n e g ­
l e c t e d  * The oxygen o f  t h e  m e th o x y l  g rou p  has  b een  
a s c r i b e d  a v a l u e  f o i c ^ g  ^  .
The HMO method f o r  c a l c u l a t i n g  MO e n e r g i e s  
h as  b e e n  u se d  b e c a u s e  t h e  p a r a m e t e r s  t o  be  a s s o c i a t e d  
w i t h  t h e  h y d r o x y l  g ro u p  have  b e en  e x t e n s i v e l y  i n v e s t i g a ­
t e d  i n  t h i s  method e . g . (135)  b u t  n o t  i n  t h e  more complex 
MO methods* A l s o ,  a s  a l l  t h e  compounds t o  be  s t u d i e d  
a r e  q u in o n e s  o r  t h e i r  d e r i v a t i v e s  t h e  c a l c u l a t i o n s  a r e  
w i t h i n  one c l a s s  o f  compounds,  and a s  can  be s e en  from 
C h a p t e r  1 HMO e n e r g i e s  g i v e  good c o r r e l a t i o n  w i t h
j j  nrxs and Hi f o r  su ch  s e r i e s ,
C'l 2
T a b le  6 ♦1 i P a r a m e t e r  V a lu e s  f o r  HMO C a l c u l a t i o n s  on 
Quinones  and R e l e v a n t  D e r i v a t i v e s *
HMO P a r a m e t e r H-bond ing Non H-b onding
0 0
A i c 1*0 1*0
/^c=o 1 . 5 1 .5
A i - o - 0 . 9 0*9
. ^ = 0
l .V 1 .2
c x  »»- 0 - 1 .8 2 . 0  +
r o . . . o
OJ•O -
1  1 .5  f o r  t h e  -OCH^ g r o u p .
The i m p o r t a n t  p o i n t s  c o n c e r n i n g  t h e  p a r a m e t e r  
v a l u e s  a r e t
(1 )  When H-b onding  i s  a l lo w e d  f ° rC><l o -  an<^  
c >^ _ q become more a l i k e ,
( 2 ) ex' ?» i s  g i v e n  a v a l u e  s m a l l e r  t h a n
' - 0 -CH3
used  fo rC X ^J ^  i n  t h e  non H-b onding s e t  t o  a l l o w  f o r  t h e  
i n d u c t i v e  and p o s s i b l y  h y p e r c o n j u g a t i v e  e f f e c t s  o f  t h e  
m e th y l  g r o u p ,
(3 )  F o r  s i m p l i c i t y  t h e  r e s o n a n c e  i n t e g r a l s  
a r e  k e p t  c o n s t a n t  f o r  b o t h  s e t s ,  a l t h o u g h  f o r  t h e  H~
b o n d in g  s e t  a s m a l l  r e s o n a n c e  i n t e g r a l  h a s  b e e n  g i v e n
t o  t h e  H-bond.
The c a l c u l a t e d  e n e r g i e s  o f  t h e  l o w e s t  u n o c c u ­
p i e d  MO f o r  e a c h  of  t h e  compounds i n  t h i s  work i s  p r e ­
s e n t e d  i n  T a b le
6 , 5  E x p e r i m e n t a l
The p r e p a r a t i o n ,  p u r i f i c a t i o n  and s t o r a g e  o f  
t h e  compounds and s o l v e n t s  u se d  i n  t h i s  work have b e en  
d e s c r i b e d  i n  C h a p t e r  5*
( i )  P o l a r o g r a p h y
I t  i s  a p l e a s u r e  t o  acknow ledge  t h e  h e l p f u l  
a d v i c e  g i v e n  by Dr.M.E* P e o v e r  (NPL) and D r s ,  G*P. Kumar 
and D,A, P a n to n y  ( I m p e r i a l  C o l l e g e )  d u r i n g  t h e  c o u r s e  
o f  t h i s  e x p e r i m e n t a l  p o l a r o g r a p h y • G r a t i t u d e  i s  a l s o
e x p r e s s e d  t o  t h e  l a t t e r  two o f  t h e s e  w o r k e r s  f o r  t h e i r  
k in d  p e r m i s s i o n  i n  a l l o w i n g  t h e  u s e  o f  t h e i r  d e s i g n  f o r -  
a  new t y p e  o f  Ag/AgCl r e f e r e n c e  e l e c t r o d e  p r i o r . t o  p u b -
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l i c a t i o r u
( a )  S o l v e n t  and S u p p o r t i n g  E l e c t r o l y t e  
D i - m e t h y l  formamide (DMF) "was c h o sen
a s  t h e  s o l v e n t  s i n c e  t h i s  i s  a p r o t i c ? a n e c e s s a r y  p r o ­
p e r t y  s i n c e  p r o t o n s  would have e f f e c t s  o f  unknown c o n ­
s e q u e n c e .  The u s e  o f  t e t r a - e t h y l  ammonium p e r c h l o r a t e  
(St^NClO^) a s  a  s u p p o r t i n g  e l e c t r o l y t e  i n  DMF i s  w e l l  
known (19? 1 3 8 ) .
( b ) R e f e r e n c e  E l e c t r o d e
A SCE u s i n g  DMF s a t u r a t e d  w i t h  l i t h i u m  
c h l o r i d e  h a s  b e e n  d e s i g n e d  f o r  u s e  i n  a p r o t i c  media  ( 105) 
b u t  was found t o  be u n s t a b l e .  A m ercu ry  p o o l  anode w i t h  
c h l o r i d e  and i o d i d e  i o n s  a s  s u p p o r t i n g  e l e c t r o l y t e  h as  
b e e n  shown t o  be  a  s t a b l e  r e f e r e n c e  e l e c t r o d e  i n  a l i m i ­
t e d  v a r i e t y  of  c o n d i t i o n s  (137)?  b u t  w h e th e r  t h i s  s t a b i ­
l i t y  would be found f o r  a wide r a n g e  o f  r e d u c i b l e  s p e c i e s  
was n o t  i n v e s t i g a t e d .  The u s e  o f  p e r c h l o r a t e  i o n s  i n  
DMF w i t h  a m ercu ry  p o o l  anode has  b e en  shown to p r o v i d e  
an u n s t a b l e  r e f e r e n c e  p o t e n t i a l  (138? 137)*
As m en t ion ed  above t h e  r e f e r e n c e  
e l e c t r o d e  used  i n  t h i s  work was t h a t  o f  Kumar and P a n t  ony 
( 1 3 8 ) .  T h i s  e l e c t r o d e  was s p e c i f i c a l l y  d e s i g n e d  f o r  u s e  
w i t h  Et^NClO^ i n  DMF? i n  which  s o l u t i o n  i t  had a n e g l i ­
g i b l e  l i q u i d  j u n c t i o n  p o t e n t i a l .  T h i s  was a d i s t i n c t  
improvement  on p r e v i o u s  work (17? 19)  where  an aqueous.
SCE was u se d  i n  a p r o t i c  s o l v e n t s .
Kumar and P an to n y  r e f e r e n c e  e l e c t r o d e
5% m e t h y l - c e l l u l o s e  i n  
DMF s a t u r a t e d  w i t h  
Et^NClO^
d0.8MKCKW? KC1 ( s a t  )? 
AsCl i n  DMF
ki
The Ag w i r e  was c o a t e d  w i t h  AgCl by p r o l o n ­
ged b o i l i n g  i n  c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d .  A t h i r d  
e l e c t r o d e  f o r  c a r r y i n g  t h e  b u l k  of  t h e  c u r r e n t  was found 
t o  be u n n e c e s s a r y  s i n c e  t h e  Ag/AgCl e l e c t r o d e  rem ained  
u n p o l a r i s e d  a t  t h e  h i g h e s t  c u r r e n t  d e n s i t i e s  i n  t h i s  
work ( <C 6/*.A)? a conclusion  a l s o  r e a c h e d  by Kumar and 
P a n to n y  ( 1 3 8 ) .  T h i s  i s  n o t  a l t o g e t h e r  s u r p r i s i n g  i n
view o f  t h e  l a r g e  s u r f a c e  a r e a  o f  t h e  Ag/AgCl c o i l  
o
( '/^ 30cm  ) .  I n  t h i s  work co m m erc ia l  m e th y l  c e l l u l o s e ?  
a s  opposed t o  t h e  f u l l y  m e t h y l a t e d  compound? was u se d  
f o r  t h e  s i d e  arm and was found t o  be  c o m p l e t e l y  s a t i s ­
f a c t o r y .  As a p r a c t i c a l  p o i n t  i n  t h e  c o n s t r u c t i o n  of  
t h i s  e l e c t r o d e  i t  may be n o t e d  t h a t  i t  was found  n e c e s ­
s a r y  t o  warm t h e  s i d e  arm t o  ^ 60°C b e f o r e  d raw in g  up 
t h e  c e l l u l o s e  g e l .  When t h i s  was n e g l e c t e d  t h e  h i g h l y  
c o l o u r e d  s o l u t i o n s  i n  u s e  cou ld  be  s e e n  t o  d i f f u s e  up 
t h e  s i d e  arm b e tw e e n  t h e  g l a s s  and g e l ?  r e s u l t i n g  i n  a 
change  i n  r e f e r e n c e  p o t e n t i a l .
( c ) P o l a r o g r a p h i c  C e l l
The p o l a r o g r a p h i c  c e l l  c o n s i s t e d  
o f  a 50 ml e l o n g a t e d  b e a k e r  c o n t a i n i n g  a t e f l o n  ( p t f e )  
bung t h r o u g h  w h ich  t h r e e  v e r t i c a l  h o l e s  were d r i l l e d .
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Through  t h e s e  h o l e s  t h e  d .n ioe* ,  t h e  r e f e r e n c e  e l e c t r o d e  
s i d e  arm and a n i t r o g e n  b u b b l e r  were  i n s e r t e d *
( d ) P r o c e d u r e
The p o l a r o g r a p h  u se d  was t h e  a u t o m a t i c  
pen  r e c o r d i n g  E l l i o t t  MK 200 h a v in g  a v o l t a g e  s c a l e  
a c c u r a c y  o f  t  lOmV*
The s o l u t i o n  o f  DMF 0.1M i n  Et^NClO^ 
had a b l a n k  r a n g e  o f  + 0 , JV t o  “ 1,7V vs Ag/AgCl. 10 ml, 
s o l u t i o n s ,  <  ImM i n  t h e  r e d u c i b l e  s p e c i e s ,  were  found 
s u f f i c i e n t  f o r  w ash ing  t h e  s i d e  arm e t c .  f r e e  o f  t h e  
p r e v i o u s  s o l u t i o n  and f o r  c a r r y i n g  ou t  t h e  p o l a r o g r a p h i c  
m e a s u r e m e n ts .  The s o l u t i o n  was d e “ Oxygenated by b u b b l i n g  
n i t r o g e n  g a s  t h r o u g h  i t  f o r  15 -2 0  m i n u t e s .  The g a s ,  f rom  
a w h i t e  s p o t  c y l i n d e r ,  was s im p ly  p a s s e d  t h r o u g h  a p re ~  
s a t u r a t o r  c o n t a i n i n g  DMF p r i o r  t o  b u b b l i n g ,  f u r t h e r  
p u r i f i c a t i o n  b e in g  found u n n e c e s s a r y .  D u r in g  t h e  p o l a r o -  
g r a p h i c  m easu re m e n ts  t h e  g a s  was p a s s e d  ove r  t h e  s o l u t i o n  
s u r f a c e .
A l th o u g h  t h e  s o l u t i o n s  were  n o t  t h e r m o -  
s t a t i c a l l y  c o n t r o l l e d  t h e i r  t e m p e r a t u r e  rem a in ed  i n  t h e  
r a n g e  1 9 -  0 * 5°C, a c o n se q u e n c e  o f  a l l  t h e  m easu re m e n ts  
b e in g  made i n  two days*
2. -U
The f a c t o r  m3 t 6 was m easured  f o r  e a c h  
s o l u t i o n ,  b u t  t h i s  was found t o  be a q u i t e  u n n e c e s s a r y  
r e f i n e m e n t  s i n c e  t h e  1^ va lve  s were  i n s u f f i c i e n t l y  r e -  
p r o d u c i b l e  f o r . q u o t i n g .  T h i s  i s  p o s s i b l y  a c o n se q u e n c e
r
o f  t h e  s m a l l  q u a n t i t i e s  o f  r e d u c i b l e  s p e c i e s  w eighed  ou t
8 6
(
t o  make up t h e  10ml s o l u t i o n s  ( ^ 5 - 2 0  mg)* I n  view o f
t h i s  i t  would be i n c o n s i s t e n t  t o  q u o t e . t h e  c o n c e n t r a t i o n s
t h o u g h t  t o  have b een  u s e d .
D u r in g  t h e  c o u r s e  o f  m easurement  Ei_ f o r
2
c h r y s a z i n  and l g 2 - n a p h t h o q u i n o n e  was d e t e r m i n e d  a t  
r e g u l a r  i n t e r v a l s  t o  keep  a c h ec k  on t h e  s t a b i l i t y  o f  
t h e  r e f e r e n c e  e l e c t r o d e  (T ab le  6 * 2 ) .
The r e s i s t a n c e  o f  t h e  c i r c u i t  was d e t e r ­
mined on s e p a r a t e  o c c a s s i o n s  by m e a su r in g  Ei. f o r  v a r y i n g
2
c o n c e n t r a t i o n s  o f  c h l o r a n i l  and t h e n  em ploying  t h e  
method p r e v i o u s l y  d e s c r i b e d .  A l s o ,  t h e  c i r c u i t  r e s i s ­
t a n c e  was m easured  ■with a W ayne-Kerr  AC b r i d g e  o p e r a t i n g  
a t  1600 c / s .  The r e s u l t s  a r e  p r e s e n t e d  i n  T a b le  6 .3»
T a b le  6*5  c o n t a i n s  e x p e r i m e n t a l  r e s u l t s  
f o r  a m i s c e l l a n y  o f  compounds w h ich  were  i n t e n d e d  f o r  
u s e  i n  s e v e r a l  r e s e a r c h  p r o j e c t s .  T hese  r e s u l t s  have 
n o t  a s  y e t  b e e n  u t i l i z e d  f o r  any p u r p o s e  and a r e  n o t  
i n c l u d e d  i n  t h e  d i s c u s s i o n .
The r e m a i n d e r ,  and t h e  b u l k ,  o f  t h e  p o l a ­
r o g r a p h i c  m easu re m e n ts  a r e  g i v e n  i n  T a b le  6*b*
( i i ) Charge  T r a n s f e r
( a ) S o l v e n t  and Donor 
The u s e  o f  d i c h l o r o m e t h a n e  a s  s o l v e n t  
and t e t r a - m e t h y l  p ~ p h e n y le n e  d i a m in e  (TMPD) a s  d o n o r  
f o r  t h e  f o r m a t i o n  o f  c h a r g e  t r a n s f e r  com plexes  o f  
q u in o n e s  a n d . t h e i r  d e r i v a t i v e s  i s  n o t  new, h a v in g
r
p r e v i o u s l y  b e en  employed by P e o v e r  ( 2 1 ) .
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' (b)  P r o c e d u r e
The Z e i s s  s p e c t r o p h o t o m e t e r  RPQ 20 was 
u sed  f o r  t h e  c h a r g e  t r a n s f e r  m e a s u r e m e n t s 0
, The a b s o r p t i o n  s p e c t r a  o f  <  J mM s o l u t ­
i o n s  o f  t h e  a c c e p t o r  m o le c u l e s  i n  d i c h l o r o m e t h a n e  were 
measured* S u f f i c i e n t  TMPD was added t o  t h e  same s o l u t i o n s  
t o  g i v e  t h e  a b s o r b a n c e  o f  t h e  c h a r g e  t r a n s f e r  band i n  t h e  
r e g i o n  0*3 -  0*9? t h e  band b e in g  i d e n t i f i e d  by c o m p a r i s o n
w i t h  t h e  a b s o r p t i o n  s p e c t r u m  o f  t h e  a c c e p t o r .
The e n e r g i e s  o f  t h e  c h a r g e  t r a n s f e r  b a n d s  
a r e  g i v e n  i n  T a b le  6.^-.
6 . 6  He s u i t  s
T a b le  6 . 2  C i r c u i t  R e s i s t a n c e
”ch I* o ra n i l  c h l o r a n i l  AC b r i d g e  
( 1 ) ( 2 )
R e s i s t a n c e  7*0 7*0 7*1
(K-n.)
T a b le  6*3 Ei. f o r  C h r y s a z i n  and I s  2 -n ap  hthoqh. i n  one Taken
2
a t  R e g u la r  I n t e r v a l s  d u r i n g  t h e  P o l a r o g r a p h i c  Measurements .
Compound C h r y s a z i n  I s  2 -n ap h th oq u ino n e
-Ex (V) 0 .2 6 6  0 .2 6 6  0 .2 7 0  0 .1 9 8  0 .1 9 8  0 ,2 0k
2 0 .2 6 9  0 .2 6 9
z 4_ 2.
c a p i l l a r y  c h a r a c t e r i s t i c s  m 3 t  = 1 .3 7 6  mg 3 s e c .  2'
t  = 5*12 s e c s .
- •^rriiriiiM;:ihri^iIinri]'~iiirr rrin <Vi
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T a b le  6 * 5 Si_ and E3 « Ei  f o r  some M i s c e l l a n e o u s  Com-2 *4: ■&
pounds  Measured i n  t h i s  Work*
Compound ~EL (V) E& -  E^CmV)'2 4r 4
q u in h y d r o n e  0 el ^  h9
0.66
r h o d i z o n i c  a c i d  <—
( h y d r a t e )
r h o d i z o n i c  a c i d  0 . 3*+ 70
( s u b l i m e d )
s a l i c y l a l d e h y d e  1 . 3 0  71
Li  s a l i c y l a l d e h y d e  1 . 3 2  54-
Na s a l i c y l a l d e h y d e  1 .3 2  53
T a b le  6 f t  P o l a r o g r a p h i c  and C harge  T r a n s f e r  Measure  
m eh ts  and C a l c u l a t e d  E n e r g i e s ,
No. Compound -Ei, EsrE^HMO HMO P-method
8 4 4 energy energy eneigy t  ' •> ;
( ? )  (m?) (H- (Noli- (e?) ( i f t c m f t
bond) bond)
o7 o2 8 ~ ^  79 * '
50 0 .0 2 8  ~ 2 f t 7  1 6 . p
?2 0. 035-0 .0 6 8  20.6
f t  - 0 . 1 0 1  1 8 .2
0 .3 2  69 a 00 7 - 0 .12 0  —
f t  - 0 . 0 9 1!- 1 6 . 2
1 o -b e n z o q u in o n e  a - 0 . 0 7
2 p - b e n z o q u in o n e 0 . 1 5
0 .8 1
3
b p2 s 5*"^i - h y d r o x y -  9B 0 .0 1
h 2 s 5~di~methoxy~ 0 A 3
0 . 9 7
5 t e t r a - h y d r o x y - 09^ 5^
6 1 t 2 - n a p h t h o q u i n o n e
r
O 
[>- 
Cvl \D 
« 
♦
O 
O
No* C omp crond “iu i 2'
(V) (mV)
HMO 
-Jr energy 
'  (H- 
b o n d )
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HMO P-methoJ. 
enscgy energy -j 
(HoH- (eV ) (lO-tenT" 
b o n d )
7 1 s ^ - n a p h t h o q u i n  one 0 .3 1
0 .9 6
5V •0 .0 8 6  - 2 , OV 1 6 a6
8 2 - h y d r o x y -  a ’h 0 .2 6 - 0 .0 8 8  --0 .1 3 8
9 5 - h y d r o x y -
( j u g l o n e )
0 .1 3
0 .7 0
5*+ - 0 . 08V --O.096 IV. 9
10 5 s8 ~ d i - h y d r  oxy~ 
( n a p h t h a z a r i n )
0 .0 5
0 .6 7
53 - 0 . 09V ■-0 .1 1 0 ^ 1 5
11 2 s 3 - d i ~ b r o m o - 5 s 8 - ^  
d i - h y d r o x y -
•0 .15
0 .1 2
0 . 5 5
56 2 0 .3
12 cl2s3 s 5 - li>i “t>romo~
8 - h y d r o x y -
- 0 . 1 9
0.3V
60 10,6
13 l s * + - a n t h r a q u i n o n e a 0 . 3 7 -0.122
l b 9 310 - a n t  h r  aquinone 0 . 9 5
1 . 1 7
56 -0.216 -1 ,63  1 8 , V
15 1- h y d r o x y -  a 0 . 3 9 -0,212 -0.22V 1 7 ,1
16 2 -hy d ro x y  - 0 . 5  V 
0 .8 1  
1 .0 2
>+6 -0.230 ~20
17
Q
I s 2 - d i - h y d r o x y  -  
( a l i z a r i n )
0 .V3 5V - O . 23V- - O . 2V3 ~ 1 6
18 18 ^ - -d i -h y d ro x y  - 
( q u i n i z a r i n )
0 .2 9
0.88
52 - 0 . 2 1 9 -0.236 ~ 1 6
19 1 s 5-3 i - h y d r  oxy- 
( a n t h r a r u f i n )
0 . 2V
0 .7 2
57 - 0 . 2 0 9 - 0 . 2 3 3 1 5 .8
20 1 g 8 - d i - h y d r o x y -  
( c h r y s a z i n )
0 .2 7
0 .9 3
60 -0.212 -0.232 1 5 . 7
21 h1 s b - d i - m e t  h oxy- 0 .7 1
1.0V
52 -0.2V3
22 I s ^ - d i - a c e t o x y - 0.V6
0 . 8 5
52 1 7 . v
2 4 ^  tuta/gy energy ene
(V) (mV)* (H- (NoH- (eV) ( lo in d )  
bond)  bond)
23 ' l s 5 - d i - m s t h o x y -  0 .7 1  k ?  - 0 . 2 3 7  ^ 2 0
1 . 0 5  
f  h .
2k  l ; 2 s  5 s 8 - t e t r a -  ’ 0 . 3 0  78 - 0 . 2 6 0  - 0 . 2 6 3  —
h y d r o x y - ( q u i n -  0 .7 8
a l i z a r i n )
2 J  lsh-s 5 s 8 - t e t r a - ^  0 ,1 2  Li-8 - 0 ,2 6 6  - 0 . 2 5 6  —
h y d ro x y -  0 .3 6
0 . 6*+
26 9 ? 1 0 - p h e n a n t h r a -  0 .3 0  65 - 0 . 1 8 2  1 6 , 9
q u in o n e  O.7 6
27 l s 8 - d i p h e n e - a -0.1*+ 0 .1 7 9  ~2 ,53
q u in o n e
Gaps i n  t h e  t a b l e  c o r r e s p o n d  t o  no a t t e m p t s  a t  m e a s u r e ­
ment or  c a l c u l a t i o n .
a ,  P o l a r o g r a p h i c  d a t a  f rom (19)  and c h a r g e  
t r a n s f e r  d a t a  f rom (21 ) .  The e x p e r i m e n t a l  c o n d i t i o n s  
were  t h e  same a s  t h o s e  i n  t h i s  w ork ,  save  t h a t  a c e t o n i -  
t r i l e  a s  w e l l  a s  DMF was u sed  f o r  t h e  p o l a r o g r a p h i c  
m e a s u r e m e n ts .  However,  t h e  r e s u l t s  i n  b o t h  s o l v e n t s  
d i f f e r e d  by a c o n s t a n t  amount and by a t o l e r a b l y  c o n ­
s t a n t  amount f rom t h e  r e s u l t s  i n  t h i s  w ork .  Ei ?  f o r  t h e
2
f i r s t  wave o n l y ,  has  b e e n  t r a n s f e r r e d  from t h e  SCE s c a l e  
t o  t h e  p r e s e n t  r e f e r e n c e  s c a l e  by a d d i t i o n  o f  +0.38V t o  
t h e  r e s u l t s  p r e s e n t e d  i n  (19)  ( s e e  r e f e r e n c e  f o r  d e t a i l s ) .  
Shown t o  be  one e l e c t r o n  r e d u c t i o n s  f rom t h e  1^ v a l u e s ,
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e x c e p t  f o r  o -b en zo  q u in  one whose c o n c e n t r a t i o n  w a s  unknown, 
W ith  v a l u e s  o f  n = l  t h e  r e v e r s i b i l i t y  was d e t e r m i n e d  by 
AC p o l a r o g r a p h y  where  o n ly  2 -h y d ro x y - lg ^ f - n a p h th o q u in o n e  
was i r r e v e r s i b l e .
b .  The f i r s t  wave has  t h e  a p p e a r a n c e  o f  a
s u p e r i m p o s i t i o n  o f  two s t e p s ,  Ei ?  f o r  w&at a p p e a r s  t o
2
be t h e  f i r s t  s t e p ? was o b t a i n e d  by making a r t i f i c i a l  
c o n s t r u c t i o n  l i n e s .  The n e x t  wave was e r r a t i c  and c o u ld  
n o t  be  m e a s u r e d .  T h i s  c o n s t r u c t i o n  may be t h e  c a u se  o f  
t h e  a p p a r e n t  i r r e v e r s i b i l i t y  o f  t h e  f i r s t  s t e p .
c .  The second  wave was t o o  b ro a d  ( i r r e v e r s i ­
b l e )  t o  draw u n i q u e  c o n s t r u c t i o n  l i n e s ,
d .  The second  wave was i l l  d e f i n e d  so t h a t
t h e  t a n g e n t  h-5° method of  c o n s t r u c t i o n  (12*+) was u sed
t o  d e t e r m i n e  Ei_.
2
e .  The second wave was e r r a t i c .
f .  The f i r s t  wave i s  shown t o  be i r r e v e r s i b l e  
by Tome’ s r e l a t i o n .
g 0 1^ v a l u e s  lo w e r  t h a n  e x p e c t e d  f o r  a one /  
e l e c t r o n  r e d u c t i o n .  F o r  2%J - d i - h y d r o x y - l s ^ - b e n z o q u i n o n e  
t h i s  may be due t o  t h e  a r t i f i c i a l  c o n s t r u c t i o n  made f o r  
t h e  d e t e r m i n a t i o n  o f  i ^ .
h .  Charge  t r a n s f e r  band n o t  o b s e r v e d .
itiiifT Iiin^fri r rrifi
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fi<*. 6*1 .  Correlation between E^  and HMO Energies of the Lowest Unoccupied MOs of Quinones, Hydroxy-Quinones and Relevant Deriva­tives using the H-bonding Parameter Values.
HMOEnergy
-0*1
- 0*2
H-bonding hydroxy-quinonesp-quinoneso-quinones
Non H-bonded substituted p-qujncnes
20
T
-Ex VS. Ag/AgCl(V)
fig. 6 . 2 .  Correlation between E£ and P-method Energies of the Lowest Unoccupied MOs of some o- and p-quinones.
P-method
Energy
(eV)
27
~r
o 0*2
 1 —
0*4 vs Ag/AgCl(V)
^ C T
(LO^cm"1)
f i g .  6 .3 . C o r r e l a t i o n  b e tw ee n  and Ei o f  Q uinones
H y d ro x y -q u in o n e s  and R e le v a n t  D e r i v a t i v e s .  J*
O  O *  » Q  / f >
w  -
* AO
o * 2  o #4  o '  6  v s  Ag/AgCi v^ ^
f i g .  6 .^f. C o r r e l a t i o n  b e tw ee n  -i^cT and E n e r g i e s  o f  
t h e  Low est U noccup ied  MOs o f  Q u in o n e s ,  H y d ro xy -Q u in ones  
and R e le v a n t  D e r i v a t i v e s .
(10 3cm _1)
“i—-------------- 1 i ;
O -O 'I  - 0 ' 2  HMO E nerg y  (H-Bond)
9 h
6*7 D i s c u s s i o n  o f  Results
( i )  P o l a r o g r a p h y
From T a b le  6 . 2  i t  can  be s e e n  t h a t  t h e  v a l u e s  
o f  t h e  c i r c u i t  r e s i s t a n c e  a r e  i n  e x c e l l e n t  a g re e m e n t  f o r  
b o t h  m ethods  and f o r  t h e  g r a p h i c a l  method a p p l i e d  on 
s e p a r a t e  o c c a s i o n s .
The constancy of Ejl. for  the f i r s t  waves of
2
c h r y s a z i n  and I s  2 - n a p h t h o q u i n o n e ,  a s  shown i n  T a b le  
6 . 3 1 i n d i c a t e  t h e  h i g h  s t a b i l i t y  o f  t h e  r e f e r e n c e  
e l e c t r o d e .
As m en t ioned  p r e v i o u s l y  t h e  1^ v a l u e s  f o r  
t h e  f i r s t  waves were  n o t  r e p r o d u c i b l e .  I t  w i l l  have 
t o  s u f f i c e  t o  say  t h a t  t h e  m easured  1^ v a l u e s  c o r r e ­
sponded . a p p r o x i m a t e l y  , t o  a one e l e c t r o n  r e d u c t i o n  f o r  
a l l  t h e  compounds i n  t h i s  work save  t h o s e  g i v e n  a t  t h e  
f o o t  o f  T a b le  6,b-. T hese  v a l u e s  were  d e t e r m i n e d  by 
c o m p a r i s o n  w i t h  1^ o f  c h l o r a n i l  whose f i r s t  r e d u c t i o n  
s t e p  i s  w e l l  known t o  a r i s e  f rom  a one e l e c t r o n  r e d u c ­
t i o n  ( 1 7 ) .  A pprox im ate  d i f f u s i o n  c o e f f i c i e n t s  have 
b e e n  o b t a i n e d  f o r  p y r e n e ,  c o ro n e n e  and a n t h r a c e n e  i n  
DMF ( 1 3 9 ) ,  and when p u t  i n  t h e  I l k o v i c  e q u a t i o n  t h e s e  
v a l u e s  g i v e  f o r  n = l .  1^ v a l u e s  o f  t h i s  o r d e r
have b e e n  o b t a i n e d  by P e o v e r  (19)*  Mawzonek e t  a l  (l*fO) 
and G iven  e t  a l  (105)  t o r  t h e  f i r s t  waves o f  a s e r i e s  
o f  q u i n o n e s  and t h e i r  d e r i v a t i v e s  w hich  i n c l u d e d  a 
l a r g e  number  o f  h y d r o x y - q u i n o n e s .  T h i s  means t h a t  
t h e s e  compounds u n d e rg o  a one e l e c t r o n  r e d u c t i o n  i n  t h e
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f i r s t  s t e p *  I t  may be n o t e d  t h a t  i n  t h i s  work t h e  v a l ­
u e s  o f  1^ f o r  t h e  f i r s t  s t e p  t e n d e d  t o  be  a b o u t  t h i s  
v a l u e .  T ha t  t h e  f i r s t  r e d u c t i o n  s t e p s  Of t h e  compounds 
i n  t h i s  work g e n e r a l l y  c o r r e s p o n d  t o  one e l e c t r o n  a d d i ­
t i o n s  i s  d e m o n s t r a t e d  by  t h e  e l e c t r o c h e m i c a l  f o r m a t i o n  
o f  s e m iq u in o n e s  ( I 1* ! )  and t h e  a n i o n  r a d i c a l s  o f  a number 
o f  h y d r o x y - q u i n o n e s  ( s e e  C h a p t e r  1 0 ) ,  t h e  r e s u l t i n g  
r a d i c a l s  b e in g  d e t e c t e d  by ESR.
Tomes* r e la t io n  i s  in d ic a t iv e  of a r e v er s ib le  
reduction for  the f i r s t  step of a l l  the compounds measu­
red in  t h i s  work with the exception of the two compounds 
given at the foot  of Table 6**+,
L o g a r i t h m i c  a n a l y s e s  o f  t h e  f i r s t  waves o f  
9 s l 0 - a n t h r a q u i n o n e  and s e v e r a l  h y d r o x y - q u i n o n e s  i n  DMF 
h a s  shown t h e s e  waves t o  be  r e v e r s i b l e  (105)* F u r t h e r ,  
AC p o l a r o g r a m s  f o r  a wide  r a n g e  of  q u in o n e s  and t h e i r  
d e r i v a t i v e s  i n c l u d i n g  a number  o f  h y d r o x y - q u i h o n e s  have  
shown t h a t  a lm o s t  a l l  t h e  f i r s t  waves c o r r e s p o n d  t o  
r e v e r s i b l e  r e d u c t i o n  (19)*  I t  sh o u ld  be  n o t e d  t h a t  a l l  
t h e s e  m ethods  o f  d e t e r m i n i n g  r e v e r s i b i l i t y  depend  on a 
v a l u e  o f  n  o b t a i n e d  from t h e  1^ v a l u e s .
( i i )  C harge  T r a n s f e r
I n  o r d e r  t o  f i n d  t h e  maximum o f  t h e  c h a r g e  
t r a n s f e r  band when p a r t i a l l y  o r  c o m p l e t e l y  o b s c u r e d  by 
t h e  a c c e p t o r  a b s o r p t i o n  s p e c t r u m  t h e  e q u i l i b r i u m  co n ­
s t a n t  o f  'Complex f o r m a t i o n  i s  r e q u i r e d .  U n f o r t u n a t e l y ,  
the" e q u i l i b r i u m  c o n s t a n t ,  a s  u s u a l l y  d e t e r m i n e d  by t h e
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method o f  B e n e s i  and H i l d e b r a n d  (lb-2), h a s  g r e a t  •uncer­
t a i n t y ,  Even i f  t h i s  u n c e r t a i n t y  were s m a l l  t h e  r e s u l ­
t i n g  e r r o r  i n  t h e  e s t i m a t e d  c h a r g e  t r a n s f e r  band shape  
would be s u f f i c i e n t  t o  make t h e  d e t e r m i n a t i o n  o f  band 
maxima v i r t u a l l y  i m p o s s i b l e *  A l s o ,  i f  t h e  a c c e p t o r  
a b s o r p t i o n  i s  g r e a t e r  t h a n  t h a t  o f  t h e  c h a r g e  t r a n s f e r  
band t h e n  i n  o r d e r  t o  g e t  t h e s e  f o r m e r  b a n d s  i n  t h e  
r e q u i r e d  a b s o r b a n c e  r a n g e  t h e  c h a rg e  t r a n s f e r  band 
i n t e n s i t y  would be t o o  low t o  o b t a i n  t h e  band shape  a c ­
c u r a t e l y .  From t h e  c a s e s  where  t h e  c h a r g e  t r a n s f e r  band 
maxima i s  d i s t i n c t  t h i s  i s  t h e  c a s e ,  and t h e r e  i s  no 
r e a s o n  t o  suppose  t h a t  t h i s  would be u n t ru O  f o r  t h e  i n ­
s t a n c e s  where  t h e  maxima i s  o b s c u r e d .  Thus i t  can  be 
co n c lu d e d  t h a t  u n l e s s  t h e  c h a r g e  t r a n s f e r  band i s  
d i s t i n c t  i t s  maximum c a n n o t  be d e t e r m i n e d  a c c u r a t e l y *
6 , 8  C o r r e l a t i o n  b e tw e e n  E i , ^  and HMO E n e r g i e s ,
T ha t  H -bond ing  h a s  c o n s i d e r a b l e  e f f e c t  on 
e i t h e r  t h e  l o w e s t  u n o c c u p i e d ,  t h e  h i g h e s t  o c c u p ie d  o r  
b o t h  MOs o f  1 -  and 2 - h y d r o x y - 9 s l 0 - a n t h r a q u i n o n e  i s  
i n d i c a t e d  hyUV s p e c t r o s c o p i c  m easu re m e n ts  (lb-3)« The
l o n g e s t  w a v e l e n g t h  b a n d s  o f  t h e  1 -  and 2 -m ethoxy  d e r i ­
v a t i v e s  a r e  s h i f t e d  by 2b- nyw- i n  t h e  f o r m e r  c a s e  and 
by o n ly  t h e  l a t t e r  a s  compared w i t h  t h o s e  o f
t h e  c o r r e s p o n d i n g  h y d r o x y - q u i n o n e s .  The r e m a in in g  
a b s o r p t i o n  b a n d s  f o r  a l l  f o u r  compounds a r e  v e r y  s i m i ­
l a r *
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As mentioned previously  the H-bonding HMG para­
meters used in t h i s  work have a lso  'been applied to  a 
group of carbonyl compounds which included some of the 
hydroxy-quinones in t h i s  work* These gave a l in e a r  
co r r e la t io n  between ca lcu lated  bond orders and in fra  red 
stre tch ing  frequencies  of both free  and H-bonded carbonyl 
groups (IS5*)*
Having es tab l ish ed  that the f i r s t  reduction  
steps  for v i r t u a l l y  a l l  the compounds measured in t h i s  
work correspond to  a r e v e r s ib le  one e lec tro n  reduction  
consideration  o f -A  E g^. in  equation I*5* has to  be made* 
Peover (21 )  has l in e a r ly  correlated  f o r  some quin-
ones and hydroxy-quinones with Ex of the f i r s t  step*
2
He regardedA.Eg0  ^ as constant for  the fo l lowing reason*
As the s i z e  of the quinone increases  the increase  in  de­
l o c a l i s a t i o n  i s  not marked, the majority of the charge 
d en s i ty  ly ing  on the carbonyl group, and consequently
the v a r ia t io n  of A E g0  ^ with quinone s i z e  w i l l  be small*
From t h i s  a l in e a r  co r re la t io n  would be expected between
the observed energ ies  Ei and and the HMO energy of
2 ^ *
the lowest unoccupied MO for the compounds in  t h i s  work*
The p lo t  of Ejl against  the HMO energy for  the  
2
present compounds i s  diown in f ig* 6*1* I t  can be seen 
that  while the unsubstitu ted  o- and p-quinones, with . 
the exception  of ls8~diphenequinone, both show a l in e a r  
co r r e la t io n  they do not l i e  on the same l ine*  This i s
9 8
n o t  t o o  s u r p r i s i n g  i n  v i e w . of  t h e  a p p r o x i m a t e  n a t u r e  - o f " 
t h e  HMO method* P e o v e r  (19)  h as  shown t h a t  o«, and p — 
q u i n o n e s ? e x c e p t  f o r  l s 8 - d i p h e n e q u i n o n e ,  l i e  on t h e  same 
s t r a i g h t  l i n e  when t h e  MO e n e r g i e s  a r e  t h o s e  c a l c u l a t e d  
by Kuboyama who used  a r e f i n e d  HMO m ethod .  T h i s  method 
i s  c a l l e d  SCF by P e o v e r  b u t  i s  n o t  s e l f  c o n s i s t e n t  i n  
t h e  s e n s e  used  i n  t h i s  work .  When t h e  SCF e n e r g i e s ,  a s  
g i v e n  by t h e  P-method i n  t h i s  w ork ,  a r e  u sed  f o r  t h e  
c o r r e l a t i o n  ( f i g .  6 . 2 )  a s i n g l e  s t r a i g h t  l i n e  i s  o b t a i ­
ned f o r  t h e  few q u in o n e s  c a l c u l a t e d ,  e x c e p t  a g a i n  f o r  
I s  8 - d i p h e n e q u i n o n e .  The anomolous b e h a v i o u r  o f  t h i s  
compound may be due t o  e i t h e r  o r  b o t h  o f  t h e  f o l l o w i n g  
f a c t o r s .  T h i s  m o le c u le  i s  l i n e a r  so t h a t  i|§ s o l v a t i o n  
e n e r g y  i s  c e r t a i n  t o  be q u i t e  d i f f e r e n t  from t h a t  o f  
t h e  s i n g l e  and condensed  r i n g  q u in o n e s  ( s e e  f o r  example  
(17 )  ) a n d / o r  i t s  assumed p l a n a r i t y  i n  t h e  P-method c a l ­
c u l a t i o n  may n o t  be q u i t e  c o r r e c t ,  a l t h o u g h  t h i s  i s  
p r o b a b l y  n e a r  t h e  t r u t h .
As shown i n  f i g .  6 . 1  t h e  H-bonded h y d r o x y -  
q u i n o n e s  do n o t  l i e  on t h e  p - q u i n o n e  l i n e  n o r  on any 
s t r a i g h t  l i n e  when t h e  H -bond ing  p a r a m e t e r s  a r e  u s e d .  
T h i s  compares  w i t h  2 - h y d r o x y - 9 s l 0 - a n t h r a q u i n o n e  and t h e  
methoxy and a c e t o x y - q u i n o n e s , w h ich  a r e  n o t  c a p a b l e  o f  
i n t r a m o l e c u l a r  H - b o n d in g ,  l y i n g  on t h e  p - q u i n o n e  l i n e .  
A l s o ,  i t  may r e a d i l y  be d e m o n s t r a t e d  t h a t  t h i s  c o r r e ­
l a t i o n  i s  i n  no way improved when t h e  non  H -bond ing
p a r a m e t e r s  a r e  u s e d .  I t  i s  a p p a r e n t  t h a t  ■while t h i s  lack 
o f  c o r r e l a t i o n  f o r  t h e  H-bonded q u in o n e s  i s  i n  some way 
c o n n e c te d  w i t h  H-bond ing  i t  c a n n o t  be e x p l a i n e d  by t h e  
p r e s e n t  s e t  of  HMO p a r a m e t e r  v a l u e s , n o r ,  a s  may r e a d i l y  
be  shown, by any r e a l i s t i c  s e t  o f  v a l u e s .
T ha t  t h i s  l a c k  o f  c o r r e l a t i o n  i s  due t o  i n t e r -
m o l e c u l a r  H-bond ing  b e tw e e n  h y d r o x y - q u i n o n e s  i s  n o t
r e a s o n a b l e  i n  v iew o f  t h e  s m a l l  c o n c e n t r a t i o n s  o f  t h e
h y d r o x y - q u i n o n e s  u s e d .  A l s o ,  Ei_ f o r  1 -  and 2 - h y d r o x y -
2
9 * 1 0 - a n t  h r  a qu i n  one would be e x p e c te d  t o  be v e r y  s i m i l a r  
w h e re a s  t h e y  a r e  0 .1 5  V a p a r t 0 T h i s  l a t t e r  c o n s i d e r a ­
t i o n  a l s o  r e n d e r s  u n l i k e l y  t h e  p o s s i b i l i t y  o f  t h e  p o o r  
c o r r e l a t i o n  a r i s i n g  ' f rom  H -bond ing  w i t h  t h e  s o l v e n t .
The Ei v a l u e s  f o r  t h e  H-bonded q u i n o n e s  a r e  
2
l e s s  n e g a t i v e  t h a n  t h o s e  o f  t h e  p a r e n t  q u in o n es j  w i t h  
t h e  e x c e p t i o n  o f  t e t r a - h y d r o x y - l s ^ - b e n z o q u i n o n e  f o r  
w h ich  anomoly no e x p l a n a t i o n  i s  o f f e r e d ,  and a r e  much 
l e s s  n e g a t i v e  t h a n  can  be r a t i o n a l i s e d  on t h e  e x p e c t e d  
p r o p e r t i e s  o f  t h e  hydroxy l  g roups  I t  was P e o v e r  (19)  
who s u g g e s t e d  t h a t  t h i s  was due t o  i n t r a m o l e c u l a r  H- 
b ond i n g .
I n v a l i d a t i o n  of  t h e  p ro p o se d  c o r r e l a t i o n  by  
i n v o k in g  t h e  t r a n s f e r  o f  t h e  H-bond ing  p r o t o n  a c r o s s  
t h e  H-bond d u r i n g  r e d u c t i o n  was an a p p e a l i n g  p o s s i b i l i t y .  
However ,  i t  has  b e e n  a rg u e d  (1M+, 1^5)  t h a t  t h e  F r a n c k -  
Condon p r i n c i p l e  i s  a p p l i c a b l e  t o  r e d u c t i o n .  I n  i t s
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more ' usual form t h i s  p r in c ip le  says that an e l e c t r o n ic  
t r a n s i t i o n  i s  most probable -when the molecular geometry 
remains unchanged during e x c i t a t io n .  For the present  
work t h i s  may be r e -s ta ted  by saying that  polarographic  
reduction i s  most l i k e l y  to  occur without a change in  
molecular structure* There i s  l i t t l e  doubt that  the  
phenolic  proton of s a l i c y l i c  acid i s  transferred  across  
the intramolecular H-bond on e l e c t r o n ic  e x c i t a t io n  (136),  
Such a tra n s fe r  may w e l l  occur on reduction of the H- 
bonded quinones but only a f t e r  e lec tr o n  uptake*
The co r re la t io n  between Ei. and2 J nm ( f i g .  6*3)2 b l
i s  reasonably l in e a r  in view of the fo l lo w in g .
(1) The assumption t h a t - A  Es o l  and C are con­
stant  with the change of molecular s i z e  or that  they are 
l in e a r ly  interdependent,
(2 )  The u s e  o f  band maxima f o r  t h e  o r i g i n  
o f  t h e  c h a r g e  t r a n s f e r  t r a n s i t i o n .
The compounds w hich  show anomolous b e h a v i o u r  a r e  2 s 3 - d i -  
b r o m o - 5 s 8 ~ d i - h y d r o x y - l s ^ ~ n a p h t h o q u i n o n e  and 2 s 5 - 3 i -
h y d r o x y - l s ^ - b e n z o q u i n o n e .
The c o r r e l a t i o n  b e tw ee n  and t h e  HMO
e n e r g i e s  o f  t h e  l o w e s t  u n o c c u p ie d  MOs ( f i g *  6 A )  g i v e s
t h e  same o v e r a l l  f e a t u r e s  a s  t h a t  b e tw e e n  Ei_ and HMO
2
e n e r g i e s  w i t h  t h e  e x c e p t i o n  of  t h e  p o s i t i o n  o f  2 s 5 - d i -  
h y d r o x y - I  A - b e n z o q u i n o n e , T h i s  compound was found  t o  be  
v e r y  i n s o l u b l e  i n  d i c h l o r o m e t h a n e  w i t h  a much enhanced  
s o l u b i l i t y  on t h e  a d d i t i o n  o f  TMPD g i v i n g  a deep  r e d
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-1so lu t io n  "with in tense  absorption at 20,600 cm « Tetra-  
hydroxy-ls5+-henzoquinone ,was a lso  found to  be very i n ­
so lub le  in dichloromethane g iv ing weak absorption in
— 1the range 1 9 9000-2lf 5000 cm • Addition of TMPD g ives
enhanced s o l u b i l i t y  of t h i s  l a t t e r  hydroxy-quinone
re su l t in g  in an orange-so lut ion  having absorption bands
at 20,300 cm”1 and 22,230 cm”1 . As these  bands f a l l
in  the region of weak molecular absorption mentioned
above they cannot be unambiguously assigned to  charge
tra n s fe r  t r a n s i t i o n s .  A lso ,  when te tra -h y d ro x y - ls^ -
benzoquinone was added to  ethanol an in tense  band at 
-119,350 cm was observed and addit ion  of TMPD did not 
r e s u l t  in a charge tra n s fer  band. That there i s  a very 
s p e c i f i c  in te ra c t io n  between TMPD and these  two hydroxy- 
quinones seems l i k e l y  in view of the enhancement of the  
s o l u b i l i t y  of the l a t t e r  by the former. A l l  three  
molecules have quite  s im ilar  geometry and i t  i s  t en ta t iv e  
ly  suggested that a more complex in te r a c t io n  than simple 
charge tra n s fer  i s  involved .
6 .9  Conclusion
The anomolous behaviour of H-bonded hydroxy-  
quinones with respect  to  that of t h e ir  parent compounds 
i s  not pecu l iar  to  the polarographic method, such ano- 
molies  being e s s e n t i a l l y  reproduced by the measured 
charge tr a n s fe r  en er g ie s .  I t  i s  f e l t  that these  anomo- 
l i e s  are in  some manner assoc ia ted  with the intramolecu­
la r  H-bond, although no d ir e c t  evidence for  t h i s  has
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been presented. While the in te r p re ta t io n  of the exp er i­
mental r e s u l t s  in terms of HMO theory has f a i l e d  t h i s  may 
be due to  lack of knowledge of the phenomena in v o lv ed ? in  
which case the theory may w e l l  have been applied to  a 
s i t u a t io n  outside i t s  scope.
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CHAPTER 7 
IONIZATION POTENTIALS
A cknowledgem ents  a r e  g r a t e f u l l y  g i v e n  t o  Dr*
D.W. T u r n e r  ( I m p e r i a l  C o l l e g e )  f o r  a number o f  v e r y  
h e l p f u l  d i s c u s s i o n s ,  and a l s o  f o r  a l l o w i n g  t h e  u s e  
o f  some o f  h i s  e x p e r i m e n t a l  r e s u l t s  p r i o r  t o  p u b l i c a ­
t i o n .
7*1 D i s c u s s i o n
Koopmanf s t h e o r e m  i m p l i e s  t h a t  t h e  g e o m e try  
o f  a m o le c u le  d o e s  n o t  a l t e r  d u r i n g  i o n i z a t i o n .  T h e r e ­
f o r e  t h e  e x p e r i m e n t a l  IP s  u se d  f o r  c o r r e l a t i o n  w i t h  
c a l c u l a t i o n  have t o  be v e r t i c a l ,  such  I P s  b e in g  g i v e n  
by t h e  p h o t o i o n i z a t i o n  method u se d  by T u r n e r .
Hoy land  and Goodman (1^+6) have  s t a t e d  t h a t  
KoppmanTs th e o r e m  i g n o r e s
(1)  The e f f e c t  o f  TT - e l e c t r o n  i o n i z a t i o n  on 
t h e  Os - f r am ew o rk .
(2 )  Changes  i n  t h e  c a r b o n  2p b a s i s  f u n c t i o n s  
on i o n i z a t i o n .
(3 )  Changes i n  theTTM Os by n o t  c o n s t r u c t i n g  
an open s h e l l  H a m i l t o n i a n  f o r  t h e  i o n i z e d  s t a t e .
They o b t a i n e d  q u i t e  good c o r r e l a t i o n  b e tw e e n  
t h e  c a l c u l a t e d  and e x p e r i m e n t a l i r l P s  o f  some u n s a t u r a t e d
10}+
hyd r  ocar'b on s by c ons id  e r  ing  (1)" and. (2)  o n l y » ¥ h i  1 e 
t h i s  c o r r e l a t i o n  was improved (1^+7) try i n c o r p o r a t i n g
(3)  on ly  (1 )  and (2)  w i l l  be d i s c u s s e d  h e r e .  When c a l ­
c u l a t i n g  MO e n e r g i e s  by t h e  P-method t h e s e  w o r k e r s  u se d  
t h e  G o ep p e r t -M a y e r  and S k l a r  a p p r o x i m a t i o n  (27)  t o r  Uc ? 
b u t  a s  d i s c u s s e d  p r e v i o u s l y  such  an a p p r o a c h  n e e d s  m odi­
f i c a t i o n  and t h i s  m o d i f i c a t i o n  can  be r e g a r d e d  a s  a p p r o ­
x i m a t e l y  i n c o r p o r a t i n g  t h e  e f f e c t s  (1 )  and (2)* C e r ­
t a i n l y  t h i s  a p p r o a c h  i s  b a r e l y  l e s s  v a l i d  t h a n  t h e  
i n t r o d u c t i o n  by Hoyland and Goodman o f  c o m p l e t e l y  em­
p i r i c a l  e x p r e s s i o n s  t o  a c c o u n t  f o r  (1 )  and ( 2 ) . ’
Fo r  t h e  n IP s  t h e  e f f e c t  (2 )  w i l l  be most  
i m p o r t a n t  and i s  c o n s i d e r e d  a s  b e in g  i n c o r p o r a t e d  i n  Un « 
The u s e f u l n e s s  o f  t h e  a p p r o a c h  a d o p te d  i n  
t h i s  work has  b e en  d e m o n s t r a t e d  by l i n e a r  c o r r e l a t i o n  
b e tw ee n  c a l c u l a t e d  and e x p e r i m e n t a l  TT I P s f o r  a w ide  
r a n g e  o f  c o n j u g a t e d  h y d r o c a r b o n s  (9 2 ,  l*+8) a l t h o u g h  i n  
t h e  second of  t h e s e  r e f e r e n c e s  i t  i s  n e c e s s a r y  t o  a d j u s t
t h e  U v a l u e  t o  o b t a i n  t h i s  a g r e e m e n t ,  c °
Of i n t e r e s t  i s  t h e  work o f  C an to n e  e t  a l  (1^9 )  
who o b t a i n e d  good a g re em e n t  f o r  t h e  T T IP s  o f  some a r o ­
m a t i c  c a r b o n y l  compounds u s i n g  t h e  CO t e c h n i q u e  ( 6 ) ,
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7*2 R esu l t s
T a b le  7*1 C a l c u l a t e d  and E x p e r i m e n t a l  n  and TT IP s  (eV)
Compound E x p e r i m e n t a l  C a l c u l a t e d
n TT ^n TT
e t h y l e n e 1 0 , 71a 1 0 .2 1
b u t a d i e n e 9 . 0 7 c 8 .9 8
ben ze n e 9 .5 2 ° 9 .8 2
fo rm a ld e h y d e 1 0 . 8 6 a i ^ - m a 1 0 A 0 13 U 3
g l y o x a l 1 1 . ^ 1 1 .^ 2 13 .9 3
a c r o l e i n 10. I V 3, 1 1 . 0 7 a 1 0 .0 0 1 1 .0 7
b e n z a ld e h y d e 9 . 8 a 9 . 8 a 9 .8 2 1 0 .6 3
o -b e n z o q u in o n e ■ 1 0 .7 0 1 0 .6 6
p -b e n z o q u in o n e 1 0 . 27a 1 1 . 0 5 a 1 0 .8 9 1 1 .6 7
I t h - n a p h th o q u in o n e 10.9+ 1 0 .6 0
9 s 1 0 - a n t h r a q u i n o n e 9 .3  V 3(? ) 1 0 .2 9 1 0 .3 2
t r o p o n e 8 . 8 2 9 . U
b enzophenone 9 U 5 e (? ) 9 .1 ^ 1 0 .3 2
a ( 6 0 ) v e r t i c a l  
b (150)  v e r t i c a l  
c ( 1 5 1 ) a d i a b a t i c  
d (152)  a d i a b a t i c  
e ( 1 5 3 ) a d i a b a t i c  - a s s i g n m e n t
*u + n
i n  d o u b t
V  =  -J n n L2. OOe1
It  i s  acknowledged that a proper evaluation  
of n and *TT IPs n e c e s s i t a t e s  the use of an open s h e l l  
Hamiltonian for the ionized s t a t e .  However9 i t  i s  a lso  
considered that the c o r re la t io n  obtained between the  
ca lcu lated  and experimental n and TT IPs for  the car­
bonyl compounds in d ica te s  that even at i t s  w orst . the  
present procedure affords a r e l i a b l e  estimate of these  
q u a n t i t i e s ? and that for p r a c t ic a l  purposes the r e f i n e ­
ments of Hoyland and Goodman are unnecessary*
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CHAPTER 8
PRESENTATION AND DISCUSSION OF P-METHOD AND MIM METHOD
RESULTS
8 , 1  P-Method R e s u l t s
A l l  e n e r g i e s  i n  eV; Un + ^  nn =  - 12 .0 0
T a b le  8 . 1 .  C om par ison  o f  E x p e r i m e n t a l  and C a l c u l a t e d  
T r a n s i t i o n  E n e r g i e s ,  
x c = c r y s t a l
s = s o l u t i o n  ^ c o n d i t i o n  o f  sample 
v = v a p o u r
C omp ound
formaldehyde 
C-— -0
C2v 
Ax (y)
b 2 W
E E
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1 ^ 2
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3 . 9 1
CMi—1
A1 6 .97
>+•3
(v )
155
(v)
8 . 0  1 5 5 ( v )
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T a b le  8 . 2  n-> I f  T r a n s i t i o n  E n e r g i e s  w i t h  Un  + ^  =
-13.^-0  eV and t h e  n - ^ S r *  I n t e r c o n f i g u r a t i o n a l  
E n e r g i e s  w i th  Un  + = - 1 2 .0 0  eV
Compound I n t
n-»
e r c o n f i g .  
i f  Energy
^n+$ i n  “  ” ^ 3 * b e V E ( e x p t )
a c r o l e i n 2.70 3.06 3 . 7 6
5.73 . .8.16 8.38
g l y o x a l 2 .0 5
5.86
2.68
8 .0 3
2.7>
V.5
fo r m a ld e h y d e 1.80 3.20 M
b e n z a ld e h y d e 3.19 3 . 2 3 3.Vl
o -b e n z o q u in o n e 1.51 1.69 2.0 7
p -b e n z o q u in o n e 2.6V 2 .7 1 2 .8 3
1 s b  -nap  h t  h oquinone 2.96 2.88 2.92
9 d 0 -a n th r a q u in o n e 3 . ^ 0 3.lV 3 . 0 7
T a b le  8 . 3  n - > 1 TT* T r a n s i t i o n  E n e r g i e s  o f  G ly o x a l
O b ta in e d  w i th  A d ju s tm e n t  o f  t h e  Lone P a i r  v  
O r b i t a l  E l e c t r o n  R e p u ls io n  I n t e g r a l s .
Xne = Vn To V
n
1 4X
9.0 3.07 6.99
10.0 2.59 6.8V
\
..... .— • • ■ - ^ ^ > ^ ^ ^ w ^ ^ .^ ^ |V ^ ir,,,ir --i^ a -l1TM-n1iT,i 11|...|.r -.._.„._,--- ------------------- ------  -------------
/ .""■ ■ ■■■ ■ ■-. ■
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8 . 2  MIM Method R e s u l t s
A l l  E n e r g ie s  i n  eV
T a b le  8.*+ C om parison  o f  E x p e r im e n ta l  and C a lc u la t e d  
x  1 %
T - >  TT T r a n s i t i o n  E n e r g i e s .
■>y
Compound MainC o n f ig . E ( e a l c ) E ( e x p t ) r e f .
a c r o l e i n  
C —  C.N
%
e i _ 1 2 +er i e 2 
- owr l o 2 +0i ' 102
e 0=-o .53  
E^= 5 -9 1  
E2= y . 8 2
6 .^ 1  
8 .V 9  ?
1C&
10U-
e r l 0 2 +er lw2 E3 = 8 . 9 6
g l y o x a l  
0 — C.V
_  %
2 t Ui “ lw 2
_ o
Eo = - 0 . 3 0  
E;j_ = 6 . 8 2 103
2 1 ® 2 
+V 1 W 2>
E2 = 7 .5 3 //
/
\
jMlffii-TTirtaggTir.
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T a b le  8 .5 *  C a lc u la te d T T  - *  3 t *» T r a n s i t i o n  E n e r g ie s  o f
G ly o x a l  Assuming t h a t  t h e  TT 3i r *  T r a n s i t i o n
o f  Form aldehyde C o rresp o n d s  t o  ( 1 )  t h e ' * 3 * 0  eV
Bond and ( 2 )  t h e  >+.3 eV Band.
g l y o x a l TT -* 3__*TT
(1 ) (2 )
Ei 2.1+5 3 . 6 5
E2 2.81+ i + . l l
T a b le  8*6* C om parison  o f  t h e  E x p e r im e n ta l  n-»T T * and
TT T r a n s i t i o n  E n e r g ie s  o f  Form aldehyde
w i t h  t h o s e  C a lc u la t e d  by t h e  P-m ethod w i t h  
t h e  E n e r g ie s  t a k e n  a s  and
/
. . - . . ■ .. / 
Compound r e f .  V 3TT* i t  ->Vf Tr -+ 3 TT*
15W, E x p t .  l f .3  ~ 3 . 0  7 . 9 2  —
fo r m a ld e h y d e  155
C a l c .  3 . 9 ^  3 . 5 2  9 . 6 1  6 . 5 5
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T a b le  8*7» C om parison  o f  E x p e r im e n ta l  and C a lc u la t e d  
n-VTf* T r a n s i t i o n  E n e r g ie s  w i t h  t h e  n - t o -  
c a r b o n y l  on d i a g o n a l  C l te r m s  eq u a ted  t o  (A) 
t h e  e x p e r im e n t a l  fo rm a ld eh y d e  n-*7T* t r a n s i ­
t i o n  e n e r g y  and (B) t h e  e x p r e s s i o n  i n v o l v i n g  
I n  and Ac = 0 «
Compound r e f .
E ( o a l c .
A
) E ( c a l c . )
B
E (exp t .)
r w S f *
1 *  
n -»  tv n - » V *
fo r m a ld e h y d e — — 3 . 9 V 3 . 5 2 ^ .3 'v'3 « 0
g l y o x a l 3 . 6 3 2.**8 3 . 2 6 2 .8 8 2 . 7 2.*+
157 8 . 3 6 8.30 'v ' V 5  . .
a c r o l e i n 1 ^ ,1 6 ^ 3 . 8 1 2 .6 3 3 .^ 6 3 A l 3 . 7 6 3 . 0 1 t
10^ 8 . 0 1 7 .9 6 8 . 3 8 i
b e n z a ld e h y d e 158 3 . 9 6 2 . 7 5 3 . 6 5 3 . 2 5 3 A i 3 . 1 7
/
f v e r y  weak m a g n e t ic  r o t a t i o n  band s p o s s i b l y  s p u r i o u s .
/
\
( i  ) P-method
(a)T T -V LTJ* T r a n s i t i o n s
f o r m a ld e h y d e q g l y o x a l  and a c r o l e i n  
The c a l c u l a t e d  t r a n s i t i o n  e n e r g i e s  f o r  t h e s e  
m o le c u l e s  a r e  a l l  "^leV l e s s  t h a n  t h e  e x p e r i m e n t a l ' v a l u e s .
-3*0  eV a s  u sed  by Sidman ( 3 6 ) .  The u s e  of  t h i s  v a l u e  
was l a r g e l y  d e t e r m i n e d  by i t s  s u c c e s s  i n  P a r k s  and P a r r ’ s 
c a l c u l a t i o n  on f o rm a ld e h y d e  (37)* a l t h o u g h  i t s  c h o i c e  was 
j u s t i f i e d  on s im p le  q u a l i t a t i v e  g ro u n d s  by Sidman.  I t  h a s  
b e e n  shown t h a t  g l y o x a l  r e t a i n s  i t s  g round  s t a t e  t r a n s -  
p l a n a r  g e o m e try  on e x c i t a t i o n  (98? 156) and t h a t  e t h y l e n e  
becomes d i s t o r t e d  on e x c i t a t i o n  ( 1 0 ) .  W hile  a n a lo g o u s
*| jjf
r e s u l t s  have n o t 9 a s  y e t , been  o b t a i n e d  f o r  t h e T T - ^  “IP 
t r a n s i t i o n s  o f  fo rm a ld e h y d e  and a c r o l e i n  i t  i s  b e l i e v e d  
t h a t  t h i s  w i l l  be t h e  c a s e .  T h e r e f o r e  t h e  P-method c a l ­
c u l a t i o n s  on e t h y l e n e  and fo ra ia ld e h y d e  a r e  o f  d o u b t f u l  
s i g n i f i c a n c e 5 t h e  p a r a m e t e r  v a l u e s  b e in g  s u s p e c t  and c o n ­
s e q u e n t l y  i n a p p l i c a b l e  t o  a c r o l e i n  and g l y o x a l .
T h a t  t h e  P-method c a l c u l a t i o n s  do n o t  g i v e  
good r e s u l t s  f o r  a c r o l e i n  and g l y o x a l  i s  c o n s i d e r e d  a s  
b e in g  due t o  o v e r e s t i m a t i o n  o f  c o n j  u.g c v t i o n  b e tw e e n  t h e  
e t h y l e n e  and c a r b o n y l  g r o u p s .  As p r e v i o u s l y  d i s c u s s e d  
( C h a p te r  h )  t h e  t r e a t m e n t  o f  t h e s e  two m o le c u l e s  i n  
t e r m s  o f  l o c a l i s e d  o r b i t a l s  by t h e  HIM method would be 
a b e t t e r  a p p ro a ch ^  and a s  w i l l  be s e e n  d o e s  l e a d  t o
B e t t e r  a g re em e n t  cou ld  be o b t a i n e d
123
improved a g re e m e n t  w i t h  e x p e r i m e n t .
The r e t a i n a i e n t  o f  t h e  s m a l l e r  Q  v a l u e s  used
/  CO
i n  t h i s  work i s  s u p p o r t e d  by t h e o r e t i c a l  work (166)  and 
P-method c a l c u l a t i o n s  on p - q u i n o n e s  ( 1 1 8 ) .  A l s o ,  t h e  
d e r i v a t i o n  o f  Ao f rom th e r m o c h e m ic a l  d a t a  (167)  g i v e s  
a v a l u e  o f  - 2 , 3 2  eV f o r  = I . 23S ( f o r m a l d e h y d e ) .  The 
m a g n i tu d e  o f  t h i s v a l u e  d e r i v e d  f rom a ground s t a t e  
p r o p e r t y  i s  c o n s i s t e n t  w i t h  t h e  p r e s e n t  o b s e r v a t i o n  t h a t  
t h e r e  i s  n o t h i n g  f u n d a m e n t a l l y  wrong w i t h  t h e  f o r m a l d e -  
hyde/S^Q v a l u e  o f  -2 .1 1 eV  u se d  i n  t h i s  work b u t  t h a t  t h e  
p o o r  r e s u l t  f o r  t h e  IT t r a n s i t i o n  i s  due t o  t h e
p r o b a b l e  ch an g e  i n  g e o m e try  of  f o rm a ld e h y d e  on e x c i t a t i o n .  
I n  t h e  a c r o l e i n  e l e c t r o n i c  sp e c t r u m  (1(9+) t h e r e  
i s  an u n a s s i g n e d  d o u b l e t  a t  7*75 eV* T ha t  t h i s  may be
1 jU
a s s i g n e d  t o l T ^ T T  t r a n s i t i o n s  i s  n o t  s u b s t a n t i a t e d  by 
t h e  p r e s e n t  r e s u l t s ,  a c o n c l u s i o n  s u p p o r t e d  by t h e  MIM 
r e s u l t s  ( s e e  8 .3  ( i i )  ( a )  ) .
The a s s i g n m e n t  o f  t h e  8,^+9 ©V band w i l l  be d i s ­
c u s s e d  i n  s e c t i o n  8 .3  ( i i )  ( a ) .  
b e n z a ld e h y d e
Walsh (159)  a s s i g n s  on ly  t h e  f i r s t  t h r e e
1 _
e x p e r i m e n t a l  b a n d s  ( o t h e r  t h a n  t h a t  due t o  t h e . n - ^ T T  
t r a n s i t i o n )  toTT-^TT* t r a n s i t i o n s .  The p r e s e n t  r e s u l t s  
a r e  i n  good a g re e m e n t  w i t h  e x p e r i m e n t  i n  t e r m s  o f  e n e r g y ,  
i n t e n s i t y  and p o l a r i z a t i o n .  Indeed  t h e  a g re e m e n t  b e tw ee n  
t h e  f i r s t  s i x  e x p e r i m e n t a l  band e n e r g i e s  and t h e  f i r s t
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s ix  calculatedir~yhT* t r a n s i t io n  energies  i s  good, but 
i t  i s  not suggested that a l l  these  experimentalbands 
a r i s e  fromTT*~>Tr t r a n s i t i o n s .  
o-benzoquinone
Kuboyama and Wad a (50)  have  made a s y s t e m a t i c  
s t u d y  of  t h e  e f f e c t  o f  c h an g e s  of  p a r a m e t e r  v a l u e s  i n  
P-method c a l c u l a t i o n s  on t h e  i n t e r c o n f i g u r a t i o n a l  t e r m  
o f  t h e  l o w e s t  ^B^ l e v e l  o f  o - b e n z o q u i n o n e .  In  t h e i r  
i n i t i a l  c a l c u l a t i o n j u s i n g  S id m an 1s p a r a m e t e r s  (36)
with s l i g h t l y  d i f f e r e n t  e lec tron  repuls ion  i n t e g r a l s ,
they found that t h i s  B^-^  l e v e l  consis ted  almost ex c lu ­
s i v e l y  of the conf iguration .  Unfortunately no
mention was made of the e f f e c t  of parameter value change 
on the other terms of the B-^  Cl matrix. Only i f  these  
terms s t i l l  had n e g l i g i b l e  e f f e c t  would the change in the
in terco n f ig u ra t io n a l  energy r e f l e c t  the change in
k
the lowest B-j_ s ta te  energy. Even assuming that  t h i s  was 
so i t  i s  u n sa t i s fa c to ry  to  recommend parameter values  on 
the b a s is  of an improvement for  a s in g le  l e v e l  s ince  the  
agreement with experiment for remaining l e v e l s  may have 
worsened. Further, these  parameter values should then 
be app licab le  at l e a s t  t o  molecules of the same type ,  
an a s s e r t io n  which was not t e s t e d .  Providing that  the
lowest B^n l e v e l  c o n s i s t s  mainly of the configura-  i  I*
t io n  for the range of parameter values used the conclu-
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s i o n s  r e a c h e d  by t h e s e  w o r k e r s  i s  i n t e r e s t i n g .  They 
found t h a t  d e e p e r  U0 and Uc v a l u e s  and s m a l l e r  
v a l u e s  t h a n  t h o s e  used  by Sidrnan were n e c e s s a r y  t o  
o b t a i n  t h e  b e s t  a g re em e n t  w i t h  e x p e r i m e n t  f o r  t h i s  
l e v e l .  Such p a r a m e t e r  v a l u e s  were u sed  i n  t h i s  work.
W ith  none o f  t h e  s e t s  o f  v a l u e s  u sed  by t h e s e  w o r k e r s
have  t h e y  a p p ro a c h e d  t h e  a g re e m e n t  w i t h  e x p e r im e n t
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o b t a i n e d  i n  t h i s  work even  f o r  t h e  l o w e s t  B-  ^ l e v e l .  
C e r t a i n l y  t h e  o v e r a l l  a g re em e n t  i n  t h e i r  i n i t i a l  c a l ­
c u l a t i o n  u s i n g  Sidrnan1 s p a r a m e t e r  v a l u e s  i s  f a r  i n f e r i o r ,  
p -b en z o q u in o n e , ,  1 3^ - n a p h t h o q u i n o n e  and 9%1 0 - a n t h r a q u i n o n e  
The e x p e r i m e n t a l  a s s i g n m e n t s  o f  p - b e n z o q u in o n e  
(99 )  a r e  s u b s t a n t i a t e d  by t h i s  work b o t h  i n  t e r m s  o f  i n ­
t e n s i t y  and p o l a r i z a t i o n .
A l l  t h r e e  q u in o n e s  have b e e n  s u b j e c t e d  t o  P -  
rnethod c a l c u l a t i o n s  by L e i b o v i c i  and Deschamps (118)  
and N i s h im o to  and F o r s t e r  ( 1 6 8 ) ,  The f o r m e r  w o rk e r s  
a d j u s t e d  t h e  A o  v a l u e  t o  f i t  t h e  most i n t e n s e  experi°* : 
m e n t a l  band o f  p - b e n z o q u in o n e  a t  5*>07e79 t h e  r e s u l t i n g  
v a l u e  o f  - 2 , 3 6  eV com par ing  w i t h  t h e  v a l u e  o f - 2 , 3 5  eV 
u se d  h e r e .  They s u g g e s t e d  t h a t  an  even  s m a l l e r  v a l u e  
o f  / 3 qq would have g i v e n  a b e t t e r  o v e r a l l  a g re e m e n t  f o r  
t h e s e  t h r e e  compounds9 b u t  no  s t e p s  were  t a k e n  t o  j u s t i ­
f y  t h i s  a s s e r t i o n .  T h e i r  r e s u l t s  r e f l e c t  t h e  t r e n d  i n  
t h e  p r e s e n t  work o f  t h e  c a l c u l a t e d  l e v e l s  b e in g  t o o  
h i g h 9 a l t h o u g h  t h e  s e n s e  o f  t h e  d e v i a t i o n  i s  c o n s t a n t .
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This r e s u l t  was a lso  obtained by Nishimoto and Forster*
Kuboyama a.nd N'ada (51 )  o b t a i n e d  t o o  h i g h  l e v e l s  f o r  
9 s 1 0 - a n t h r a q u i n o n e  u s i n g  p a r a m e t e r  v a l u e s  known t o  
g i v e  t o o  h i g h  l e v e l s  f o r  o -b e n z o q u in o n e  ( 5 0 ) .  I t  i s  
l i k e l y  t h a t  w h i l e  t h e  i n c l u s i o n  o f  d o u b ly  e x c i t e d  c o n ­
f i g u r a t i o n s  would g i v e  b e t t e r  a g re em e n t  f o r  t h e s e  t h r e e  
p - q u i n o n e s  t h e  a g re em e n t  f o r  t h e  o t h e r  c a r b o n y l  compounds 
would be much w o rs e n e d .
Nishimoto and Forster  (16 8 ,  169)  have proposed 
the "var iab ley 3  " method in  which a l in e a r  r e la t io n s h ip  
between and ju has been demonstrated. In view of
the approximations made in deriv ing t h i s  r e la t io n  i t  i s  
believed  that the method i s  in v a l id .  For example, i t  
i s  assumed that there i s  a complete ca n c e l la t io n  between 
the e lec tro n  repuls ion  and core repuls ion  terms. For 
nearest  neighbours e s p e c ia l l y  t h i s  i s  a gross  approxi­
mation. Further, whiley^u,.u i s  adjusted with ,
which i s  equivalent to  varying y S ^  with the
e lec tro n  repuls ion  in te g r a l s  are kept constant through­
out the SCF i t e r a t i v e  procedure. A lso ,  the manner in  
which the constants  are obtained for  they^^/P * ,^  r e l a ­
t io n  i s  extremely suspect for  both aromatic hydrocarbons 
and heterom olecules .  In p a r t icu la r  each of the quino-  
nes under d iscu ss io n  require a d i f f e r e n t  se t  of con­
s ta n ts  for  the carbonyl group. F in a l ly ,  the whole 
b a s i s  of the r e la t io n  r e s t s  on a dubious proof of the
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e m p i r i c a l  r e l a t i o n  o f  L o n g u e t - H i g g in s  and Salem
( 1 7 0 ) and a n 'a s su m e d  l i n e a r i t y  b e tw e e n y '^ y a n d  *
W hile  no c r i t i c i s m  of  t h e  L o n g u e t - H i g g in s  and Salem 
r e l a t i o n  i s  made i t  i s  f e l t  t h a t  t h e  above m en t ion ed  
p r o o f  i s  f o r t u i t o u s  and i n  no way j u s t i f i e s  t h e y ^ u ^ / P ^  x> 
r e l a t i o n .  A l th o u g h  t h e y ^ , ^ ,  r e l a t i o n  u sed  i n  t h e
p r e s e n t  work may n o t  be t h e  c o m p le te  an sw er  t o  t h e  p r o ­
b lem  of  o b t a i n i n g y ^ ^ ,  v a l u e s  i t  d o e s  have  a r e a s o n a b l y  
sound t h e o r e t i c a l  b a s i s  ( 2 8 , *+2 s *+7 )«
The '’v a r i a b l e  >’ method i s  n o t  v i n d i c a t e d  by 
s u b s e q u e n t  good a g re em e n t  w i t h  e x p e r i m e n t .  I t  f a i l s  f o r  
a m i n o - a n t h r a c e n e s , and t h e  a p p a r e n t  good a g re e m e n t  f o r  
l s ^ - n a p h t h o q u i n o n e  and 9%10 - a n t h r a q u i n o n e  i s  o n ly  due 
t o  t h e  u s e  o f  e x p e r i m e n t a l  r e s u l t s  ( 1 7 1 ) shown t o  be 
i n c o m p l e t e  by c o m p a r is o n  w i t h  t h e  r e s u l t s  o f  P o q u e t  
( 161)9 Hartmann and L o renz  (172)  and u n q u o te d  c o n f i r ­
m a to ry  m easu re m e n ts  made i n  t h i s  w ork ,  
t r o p o n e
P-method c a l c u l a t i o n s  have  p r e v i o u s l y  b e e n  c a r ­
r i e d  out  on t r o p o n e  and h e p t a f u l v e n e  ( 1 7 3 ) i n  an  a n a l o g o u s  
manner  t o  t h a t  g i v e n  h e r e ,  e x c e p t  t h a t  t h e  n  o r b i t a l  o f
t r o p o n e  was n e g l e c t e d .  C o n s e q u e n t l y  t h e  p r e s e n t  r e s u l t s  
*1 &
f o r  t h e i r - * -  TT t r a n s i t i o n s  o f  t r o p o n e  a r e  e s s e n t i a l l y  
t h e  same. H e p t a f u l v e n e  g i v e s  two e x p e r i m e n t a l  b a n d s  a t  
2 .9 1  eV and b . k 3  eV (171+) w h e r e a s  t r o p o n e  g i v e s  o n ly  one 
band i n  t h i s  r e g i o n  a t  *+.17 eV. From t h e  P-method c a l ­
c u l a t i o n s  on h e p t a f u l v e n e  t h e s e  t r a n s i t i o n s  were a s s i g n e d
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r e s p e c t i v e l y  t o  s t a t e s  o f  Bq an<  ^ symmetry ,  and a s  i t  
i s  a lm o s t  c e r t a i n  t h a t  t h e  s p e c t r a  o f  t h e s e  two compounds
a r e  s i m i l a r  i t  was s u g g e s t e d  ( 1 7 3 ) t h a t  t h e  ^ . 1 7  ©V hand 
o f  t r o p o n e  i s  composed of  two s t a t e s  o f  t h e s e  s y m m e t r i e s .
T h i s  a s s e r t i o n  i s  i n  ag re em e n t  w i t h  e x p e r i m e n t a l  p o l a r i ­
z a t i o n  s t u d i e s  o f  t h e  W.1 7  eV t r o p o n e  band ( 1 7 5 ) which
was shown t o  be composed o f  two t y p e s  o f  e l e c t r o n i c  
t r a n s i t i o n .  The p r e s e n t  c a l c u l a t i o n ,  l i k e  t h a t  p r e v i o u s l y  
r e p o r t e d ,  i s  i n  e x c e l l e n t  a g re em e n t  w i t h  e x p e r im e n t*
(b )  n ~ >  hr* Tr a n s i t i o n s
The p o o r  a g re e m e n t  b e tw e e n  t h e  e x p e r i m e n t a l  and 
c a l c u l a t e d  n - ^ T T *  e n e r g i e s  (Un  + ^ nn = - 1 2 . 0 0  eV) i s  
c e r t a i n l y  t h e  most  u n s a t i s f a c t o r y  f e a t u r e  o f  t h i s  work .  
Sidrnan (36)  o b t a i n e d  q u i t e  f a i r  a g re em e n t  f o r  t h e  f i r s t  
n  - y - T *  t r a n s i t i o n s  o f  f o r m a l d e h y d e ,  g l y o x a l  and p -b en z o ­
q u i n o n e .  T h i s  b e t t e r  a g re e m e n t  i s  u n d o u b t e d l y  due t o  
t h e  i n t e r c o n f i g u r a t i o n a l  e n e r g i e s  o f  t h e  n - » '4 r *  C l  m a t r i x  
b e in g  l a r g e r  t h a n  i n  t h i s  work .  P re su m a b ly  t h i s  o c c u r s  
t h r o u g h  h i s  u s e  o f  a l a r g e  v a l u e . g i v i n g  t h e  l o w e s t
u n o c c u p ie d  MO a l e s s  d eep  e n e rg y  t h a n  i n  t h i s  work* A 
v a l u e  + = -13.^-OeV im prov es  t h e  a g re e m e n t  f o r
a l l  t h e  n  t r a n s i t i o n  e n e r g i e s  w i t h  t h e  e x c e p t i o n  o f
t h e  second  t r a n s i t i o n  o f  g l y o x a l  (T a b le  8 . 2 ) ,
F u r t h e r ,  t h e  p r e v i o u s  good a g re em e n t  f o r  t h e  n  I P s  i s  
r u i n e d .  I t  c o u ld  be t h a t  Koopman! s th e o r e m  i s  n o t
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a p p l i c a b l e  t o  t h e  n I P s ,  t h e  good ag re em e n t  shown i n  
C h a p t e r  7 s im p ly  b e in g  f o r t u i t o u s  or due t o  t h e  v a l u e  
c h o se n  f o r  Un + }(nn  i n c o r p o r a t i n g  some e f f e c t  s p e c i f i c  
t o  i o n i z a t i o n  and n o t  t o  e l e c t r o n i c  e x c i t a t i o n  ( s e e  
C h a p t e r  7)» However,  even  i f  t h e  u s e  o f  d i f f e r e n t  Un +
$ n n  v a ^u e s  ^ or  ^he n - ^ l T *  t r a n s i t i o n  e n e r g i e s  and t h e
n I P s  co u ld  be j u s t i f i e d  t h e r e  s t i l l  r e m a in s  t h e  d i f f i ­
c u l t y  i n  o b t a i n i n g  ag re em e n t  f o r  t h e  second  n -^ T T *  
t r a n s i t i o n  o f  g l y o x a l .
B o th  Sidrnan1s c a l c u l a t i o n  and t h a t  p r e s e n t e d  
h e r e  g i v e  an e n e rg y  d i f f e r e n c e  o f  ~ 3  eV b e tw e e n  t h e  
g l y o x a l  n ~ y 4 r *  t r a n s i t i o n s .  T h i s  d i f f e r e n c e  may p o s s i b l y  
b e  r e d u c e d  by t h e  i n c l u s i o n  o f  d o u b ly  e x c i t e d  c o n f i g u r a ­
t i o n s .  However,  t o  o b t a i n  a b s o l u t e  a g re e m e n t  w i t h  
e x p e r i m e n t  f o r  t h e s e  two t r a n s i t i o n  e n e r g i e s  i t  i s  t h e n  
n e c e s s a r y  t o  make t h e  n  i n t e r c o n f i g u r a t i o n a l  e n e r ­
g i e s  l a r g e r  even  t h a n  w i t h  IT + Y = - 1 3 eV b e c a u s en ( )  nn
: 1 *t h e  d o u b ly  e x c i t e d  c o n f i g u r a t i o n s  w i l l  d e p r e s s  t h e  n*-^ IT 
e n e r g i e s .  W hile  t h i s  a p p r o a c h  may g i v e  t h e  c o r r e c t  r e s u l t s  
a s o l u t i o n  t o  t h e  p ro b le m  was so u g h t  i n  a n o t h e r  d i r e c t i o n
s i n c e  i t  i s  by no  means o b v io u s  t h a t  Un + ^  nn sh o u ld  
have  d i f f e r e n t  v a l u e s  f o r  t h e  n  t r a n s i t i o n  e n e r g i e s
and t h e  n I P s .
I n  T a b le  8 . 2  t h e  i n t e r c o n f i g u r a t i o n a l  n -^T T *  
e n e r g i e s  and t h e  e x p e r i m e n t a l  n -^ T T *  e n e r g i e s  a r e  com­
p a r e d .  I t  can  be s e e n , t h a t  a n o t h e r  b a s i s  f o r  im p ro v in g
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the n-^'Tf^ t r a n s i t i o n  energies  would be to  reduce the
values of the o f f  diagonal Cl matrix elements by reducing
the values of the lone pair e lec tro n  repu ls ion  in t e g r a l s .
A lso ,  by doing t h i s  the in te rc o n f ig u r a t io n a l  energies
would increase v ia  a decrease in  the in te r a c t io n  part of
these  terms. This l a t t e r  e f f e c t  ac ts  in the r ight  sense
for  a l l  the n-^TT^ t r a n s i t i o n s  except for  the second 
1 ■&'n — IT  t r a n s i t i o n  of g ly o x a l ,  but improved agreement 
with experiment might s t i l l  r e s u l t  for  t h i s  t r a n s i t i o n .
A means of re -eva luating  these  lone pair e lec tro n  rep u l­
sion in te g r a ls  i s  given by the fo l lowing co n s id er a t io n s .
S id m an ’ s a p p r o x i m a t i o n s  t h a t ^  ^  = ^ “rr0 a; f o r  
•IV n or T 0 at R0;u >  0 and that  £ nc = = ( ^ c c  +
^Tr0-n-0 ) / 2  at R0_, = 0 does not take in to  account the
d i f f e r e n t  in or ien ta t io n  of the n and *TT o r b i ta l s  ono
the same oxygenatDm. This d i f f er en ce  in  o r ien ta t io n  w i l l  
be allowed for  in  charged sphere c a lc u la t io n s  (see l a t e r )  
of lone pair  e lec tro n  repuls ion  i n t e g r a l s .
While e lec tro n  co r r e la t io n  w ithin  the doubly 
occupied n o r b i ta l  i s  cer ta in  to  be marked i t  can r ea d i ly  
be seen that i t s  e f f e c t  on the values  of n e g l i ­
g i b l e ,  This conclusion i s  reached by considering the  
d i f f e r e n c e  in  o r ien ta t io n  of the n o rb i ta l  and the 2p 
o r b i ta l s  in  the TPsystem, The e f f e c t  of the n o r b i ta l  
e lec tro n s  i s  not to  impose a preferred lobe of the 2p 
o r b i ta l  for  e le c tro n  occupation because, as far  as the
n o r b i t a l  i s  c o n c e r n e d ,  i t  r e g a r d s  e a c h  l o b e  o f  t h e  
2p o r b i t a l  a s  e q u i v a l e n t .  S i m i l a r l y  f o r  t h e  e f f e c t  o f  
t h e  2p o r b i t a l  e l e c t r o n  on t h e  . lo ne  p a i r .  T h i s  compares  
•with t h e  e l e c t r o n  c o r r e l a t i o n  e f f e c t  b e tw e e n  a d j a c e n t  
• 2p o r b i t a l s  i n  t h e  IT - s y s t e m  where  t h e  e l e c t r o n s  t e n d  
t o  l i e  d i a m e t r i c a l l y  o p p o s i t e  l o b e s .
W hile  was e v a l u a t e d  from a to m ic  v a l e n c e
s t a t e  d a t a  (37 )  i t  i s  i m p o r t a n t  t h a t  t h i s  v a l u e  i s  
a p p l i c a b l e  t o  P-method c a l c u l a t i o n  s i n c e  even  a  s m a l l  
f r a c t i o n a l  u n c e r t a i n t y  o r  d e g r e e  o f  i n a p p l i c a b i l i t y  w i l l  
r e s u l t  i n  a c o n s i d e r a b l e  e r r o r  b e c a u s e  o f  i t s  m ag n i tu d e  
( 1 2 .8 6 5 e V ) .  The v a l u e  o f ^ ^  was e m p i r i c a l l y  a d j u s t e d .  
C o n s i d e r  a. t y p i c a l  f r a g m e n t  0-  ^ >k
JC■
/ ' 2 <
The e l e c t r o n  r e p u l s i o n  i n t e g r a l  i s  g i v e n
i n  t h e  c h a rg e d  s p h e r e  a p p r o x i m a t i o n  by e q u a t i o n  8 . 1  
where  i s  a t  t h e  c o - o r d i n a t e  o r i g i n .
^ nc  .= e 2/ 2  ( ( (y -H0 ) 2 + x 2 + Rc 2 )~* + ( (y+Ro ) 2 + 8 . 1
?  2 — ~x  + R ) 2 ) .  R i s  t h e  d i a m e t e r  o f  one l o b e  o f  t h ev U
n  o r b i t a l  and R i s  t h a t  o f  t h e  2p_ o r b i t a l .C V
We now need  t o  c o n s i d e r  t h e  manner i n  w h ich
we c an  e x t r a p o l a t e  ^ n c ? f o r  d i f f e r e n t  p a i r s  o f  v a l u e s
o f  x  and y ,  b a c k  t o  Rnc = 0 .  O b v io u s ly  a 3 - d i m e n s i o n a l
p l o t  w i t h  x and y a s  c o - o r d i n a t e s  f o r  l a r g e
o o
v a l u e s  o f  x  + y w i t h  e x t r a p o l a t i o n  b a c k  t o  x=y=o f o r
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some a r b i t r a r y  v a l u e  ^ nc  i-s ncrl:; p r a c t i c a b l e *  A more 
r e a l i s t i c  a p p r o a c h  would be t h e  f o l l o w i n g ,
( a )  P l o t  V / x  (y=o) f o r  x S  2.5-2 w i t h  e x t r a -o 2
p o l a t i o n  b a c k  t o  some a r b i t r a r y  v a l u e  o f  ^  n c  a t  x=o .
(b )  C a l c u l a t e  t e r m s  l i k e  n c ^ f“or  y ^  o by 
e q u a t i o n  8*1 ,  I t  may be shown t h a t  i s  a t  a s u f f i c i e n t  
l y  g r e a t  d i s t a n c e  from t h e  n  o r b i t a l  f o r  t h i s  a p p ro x im a ­
t i o n  t o  be v a l i d .
L e t  u s  now c o n s i d e r  t h e  s p e c i f i c  example  o f
g l y o x a l .  S idrnan1 s a p p r o x i m a t i o n s  t h a t  ^ n n t = ^ T r 0*Tr0 !
= Jfn i"ir0 w i l l  l e r e t a i n e d  s i n c e  t h e  d i s t a n c e s  i n ­
v o lv e d  a r e  l a r g e  and t h e  s u b s e q u e n t  e r r o r  s m a l l .
I t  was c a l c u l a t e d  t h a t  V a n d  V . f o r  g l y o -
0 n c 3 o ‘•oc^ 
x a l  were  on ly  0 .0 7  eV d i f f e r e n t .  T h u s ,  w h i l e  t h e  i n t r o ­
d u c t i o n  o f  y i n t o  t h e  c h a rg e d  s p h e r e  a p p r o x i m a t i o n  i s  
r i g o r o u s  i t  i s  n o t  r e a l l y  e s s e n t i a l  i n  p r a c t i c e .
F o r  c o n v e n ie n c e  t h e  e q u a l i t y  V  (x=o) = Y
0 nc  0 n  ‘I o
was made w i t h  t h e  v a l u e s  o f  9*0 eV and 1 0 . 0  eV, t h e  
r e s u l t s  f o r  g l y o x a l  b e in g  g i v e n  i n  T a b le  8 ,3*
T h e re  i s  l i t t l e  d o u b t  t h a t  t h e  improvement  i n
i *
a g re e m e n t  f o r  t h e  f i r s t  n ~ ^  / P  t r a n s i t i o n  e n e r g y  o f  
g l y o x a l  would be r e f l e c t e d ! o r  t h e  c o r r e s p o n d i n g  t r a n s i t i o n s  
i n  a l l  t h e  c a r b o n y l  compounds.  However,  t h e  second  n-£>tn^
t r a n s i t i o n  e n e r g y  o f  g l y o x a l  i s  now i n  p o o r e r  a g re e m e n t  
w i t h  e x p e r i m e n t ,  b u t  i t  i s  c e r t a i n  t h a t  t h i s  r e d u c t i o n  
o f  t h e  v a l u e s  f o r  t h e  l o n e  p a i r  r e p u l s i o n  i n t e g r a l s  w i l l
improve the second t r a n s i t i o n  energy of acrolein*
I t  I s  to  be emphasized that the l a t t e r  t r a n s i t i o n ,  l ik e  
the f i r s t  n~*> H t r a n s i t i o n s ,  has a ca lcu lated  energy
l e s s  than the observed experimental band energy. A lso ,  
the suggested means of improving the agreement with ex­
periment for  the f i r s t  n-^^'TT* t r a n s i t i o n  energ ies  w i l l  
a ls o  improve the agreement for the second n-^TT* t r a n s i ­
t io n  of acrolein* The second n-^ ^TT* t r a n s i t io n s  of  
a cr o le in  and g lyoxa l  w i l l  be d iscussed  further  in  Chapter 
9.
By making a l l  the in terco n f  ig u ra t io n a l
energ ies  la r g e r ,  e i th e r .b y  using a deeper value of  Un + 
$nn or ^  re^uc n^S the values  o f  the lone pair  rep u l­
s ion i n t e g r a l s ,  and then introducing doubly exc ited  con­
f ig u r a t io n s  might w el l  be a b a s i s  for  improvement for  
a l l  the n-^TT* t r a n s i t io n  en er g ie s ,  including that  of the  
second n-^TI* t r a n s i t i o n  of g ly o x a l .  However, no steps  
were taken to  v e r i fy  t h i s  suggestion*
An e m p i r i c a l  method f o r  t h e  c a l c u l a t i o n  o f  
t r a n s i t i o n  e n e r g i e s  was a d o p te d  by L e i b o v i c i  ar;d 
Deschamps ( 1 1 8 ) ,  b u t  s i n c e  i t  i s  c ru d e  and i n a p p l i c a b l e  
o u t s i d e  t h e  q u in o n e  r a n g e  i t  w i l l  n o t  be d i s c u s s e d  h e r e ,
( c )  n - » % *  T r a n s i t i o n s
In view of the poorness o f  the ca lcu la ted  
n— t r a ns i t i o n  energies  i t  was not considered worth­
while ca lcu la t in g  the n-^TT* t r a n s i t io n  e n er g ie s .  With
13*+
t h e  e x c e p t i o n  o f  fo rm a ld e h y d e  ( 15^ ,  1 55)  t h e  e x p e r i -
mental n*~$TT s i n g l e t - t r i p l e t  s p l i t t i n g s  for  the car-  
bonyl compounds are only a few tenths  of an eV* This 
s p l i t t i n g  a r i s e s  in both the P -  and MIM methods s o le ly
x e x
f rom t h e  i n c l u s i o n  o f  t h e  t e r m ,  and t h a t  i t
would be of  t h e  r i g h t  o r d e r  and i n  t h e  r i g h t  s e n s e  has  
b e e n  d e m o n s t r a t e d  by Sidrnan (36 )  f o r  f o r m a l d e h y d e ,  g l y o x a l  
and p -b e n z o q u in o n e *
The l a r g e  s p l i t t i n g  o f  yv' l « 3  ©V o b se rv ed  f o r  
fo r m a ld e h y d e  d e s e r v e s  s p e c i a l  m ent ion*  The s e p a r a t i o n  
o f  0.^+2 eV c a l c u l a t e d  i n  t h i s  work com pares  w i t h  t h e  
v a l u e  o f  0*8 eV c a l c u l a t e d  by Sidrnan. H is  c a l c u l a t i o n s  
on g l y o x a l  and p - b e n z o q u in o n e  p r e d i c t  a s p l i t t i n g  of  
/v 'O .J  eV g r e a t e r  t h a n  o b s e r v e d .  I f  t h e  fo r m a ld e h y d e  
c a l c u l a t i o n  i s  r e p r e s e n t a t i v e  t h e  p r e s e n t  work would 
g i v e  s p l i t t i n g s  f o r  g l y o x a l  and p - b e n z o q u in o n e  i n  
c l o s e r  ag re em e n t  w i t h  e x p e r i m e n t .  The p o o r  r e s u l t  f o r
f o rm a ld e h y d e  may w e l l  be due t o  i t s  assumed p l a n a r i t y
i n  b o t h  t h e  ground  and e x c i t e d  s t a t e s ,  an a s s u m p t io n
w h ich  i s  i n  c o n t r a d i c t i o n  w i t h  e x p e r i m e n t  (1 7 6 , 17 7 )«
The suggestion by Brown and Heffernan (39 )  that  t h e 'v-J• OeV
■3_
band a r i s e s  f rom th e~ T T “~>lT  t r a n s i t i o n  and n o t  t h e
2 vn - > ~ n r ^  t r a n s i t i o n  w i l l  be t a k e n  up i n  d e t a i l  i n  C h a p t e r
9.
( i i )  HIM Method
( a r r r - A h f *  T r a n s i t i o n s  
f o r m a l d e h y d e ,  a c r o l e i n  and g l y o x a l  
The c a l c u l a t e d T T A H r *  t r a n s i t i o n  e n e r g y  o f  f o r ­
m aldehyde  i s  f a r  l a r g e r  t h a n  o b s e r v e d .  T h i s  i s  n o t  
a l t o g e t h e r  s u r p r i s i n g  s i n c e ,  a s  rem arked  i n  s e c t i o n  8 . 3
( i )  ( a ) ,  i t  i s  n o t  r e a l i s t i c  t o  t r e a t  a p s e u d o - d i a t o m i c  
m o le c u le  ■with t h e  p a r a m e t e r  v a l u e s  found s u i t a b l e  f o r  
l a r g e r  m o l e c u l e s ,  i f  in d e e d  any MO method n e g l e c t i n g C X  
o r b i t a l s  i s  s u i t a b l e  f o r  p s e u d o - d i a t o m i c  m o l e c u l e s ,
N agakura  (9^ )  p r o f e s s e s  t o  q u o te  Walsh (10*+) 
when he s a y s  t h a t  t h e  l^Soii  ( 8 ,3 8  eV) and 1^6o£ (8.*+9eV) 
b a n d s  i n  t h e  a c r o l e i n  e l e c t r o n i c  s p e c t r u m  a r i s e  f rom 
T r -^ T T *  t r a n s i t i o n s .  However, Walsh h as  s t a t e d  q u i t e  
c l e a r l y  t h a t  he b e l i e v e s  t h e  8 .38eV  band t o  a r i s e  from 
an  n^-vSl* t r a n s i t i o n ,  and a l t h o u g h  he h a s  rem arked  on 
t h e  c o r r e s p o n d e n c e  o f  t h e  1V60A band w i t h  t h e  1*+70A
band i n  t h e  a c e t a l d e h y d e  s p e c t r u m  (190)  no a s s i g n m e n t  was 
s u g g e s t e d .
The n*~>’Hrf* a s s i g n m e n t  f o r  t h e  8 . 3 8  eV band i s  
s u p p o r t e d  by b o t h  t h e  P -  and MIM c a l c u l a t i o n s .  I t  
would seem r e a s o n a b l e  t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  o f  
t h e  8.*+9 eV band a r i s i n g  from a i r - v d t *  t r a n s i t i o n .  C e r ­
t a i n l y  i t  d o e s  n o t  seem r e a s o n a b l e  t o  a s s i g n  b o t h  t h e s e  
1b a n d s  t o l T  —>TT t r a n s i t i o n s  s i n c e  b o t h  t h e  P-m ethod  and 
MIM method c a l c u l a t i o n s  i n  t h e  r a n g e  o f  Aq_ q v a l u e s  f rom
t h i r d  t r a n s i t i o n  e n e r g i e s  o f  g r e a t e r  t h a n  1 eV. I n  t h e  
MIM c a l c u l a t i o n s  on o- and p - b e n z o q u i n o n e , b o t h  from two 
a c r o l e i n  c om po n en ts ,  t h e  8 . ^ 9  eV band i s  a s s i g n e d  t o  t h e  
c o n f i g u r a t i o n
F o r  t h e  above r e a s o n  t h e  u n a s s i g n e d  d o u b l e t  a t
16-00A (7*75 eV) c a n n o t  be a s s i g n e d  t o T T 7 i  t r a n s i t i o n s ,
T h i s  c o n c l u s i o n  i s  s u p p o r t e d  by W a l s h 1 s r em a rk  t h a t  t h e
0
a b s o r p t i o n  i n  t h e  r e g i o n  1550 -  1700A (8*0 -  7®3 ©V) i s  
weak,  w h e re a s  b o t h  t h e  second and t h i r d  t r a n s i t i o n s  were 
c a l c u l a t e d  i n  t h e  P-method a s  b e in g  o f  q u i t e  h i g h  i n t e n ­
s i t y  ( f=0*33 and 1.3*+ r e s p e c t i v e l y ) .
The 7 A  e¥ band i n  t h e  g l y o x a l  s p e c t r u m  has  
b e e n  a s s i g n e d  t o  E-^. T ha t  i s  n o t  o b se rv e d  i s  r e a d i l y  
u n d e r s to o d *
The c o r r e s p o n d i n g  s t a t e  c o n s i s t s  a lm o s t  e n t i r e l y  
o f  t h e  c o n f i g u r a t i o n  2~2 (6[^0) ^ ^ k ^ t h e  ground  s t a t e
i s  e s s e n t i a l l y  T o  w i t h  t h e  r e s u l t i n g  t r a n s i t i o n  b e in g  
f o r b i d d e n ,  o r ,  a t  m o s t ,  w eak ly  a l lo w e d  i f  t h e  s m a l l  
c o n t r i b u t i o n s  o f  t h e  o t h e r  c o n f i g u r a t i o n s  a r e  i n c l u d e d .  
The f o r b i d d e n n e s s  of t h i s  t r a n s i t i o n  i s  a l s o  g i v e n  by 
t h e  P-method c a l c u l a t i o n .  
b e n z a ld e h y d e
The p r e s e n t  c a l c u l a t i o n s  a r e  i n  e x c e l l e n t  
a g re e m e n t  w i t h  e x p e r i m e n t a l  t r a n s i t i o n  e n e r g i e s ,  o s c i l ­
l a t o r  s t r e n g t h s  and t h e  l i m i t e d  p o l a r i z a t i o n  d a t a  a v a i l -
a b l e  f o r  t h e  f i r s t  t h r e e  b a n d s  i n  t h e  b e n z a ld e h y d e  s p e c ­
t ru m  ( o t h e r  t h a n  t h e  n - V n * ) .  Shirnada and Goodman ( loO)  
have c o n c lu d ed  t h a t  t h e  f i r s f T T  -> % *  band i s  p r e d o m i­
n a n t l y  o f  b e n ze n e  o ^ b a n d  c h a r a c t e r , a c o n c l u s i o n  su p ­
p o r t e d  by t h e  p r e s e n t  c a l c u l a t i o n s  w h ich  g i v e  
c h a r a c t e r  t o  t h e  E-  ^ s t a t e ,  T hese  w o r k e r s  a l s o  c o n c lu d ed  
t h a t  t h e  second T T  t r a n s i t i o n  c o n t a i n e d  much o f  a
b e u z e n e - t o - c a r b o n y l  c h a r g e  t r a n s f e r  c o n f i g u r a t i o n ,  a
c o n c l u s i o n  p a r t i a l l y  s u p p o r t e d  by t h e  p r e s e n t  c a l c u l a ­
t i o n s  w h ich  g i v e  529b% p c h a r a c t e r  and 28*2% o f  t h e
i -1c h a r g e  t r a n s f e r  c o n f i g u r a t i o n  ^ 2  secon<^
l o w e s t  s t a t e *  F u r t h e r ,  Walsh  (159)  has  a s s i g n e d  t h e  
t h i r d  e x p e r i m e n t a l  b a n d ,  w hich  i s  t h e  s t r o n g e s t  i n  t h e  
s p e c t r u m ,  t o  a t r a n s i t i o n  c o n s i s t i n g  m a in ly  o f  b e n ze n e  
' c h a r a c t e r .  T h i s  i s  i n  f a i r  a g re em e n t  w i t h  t h e  i n ­
t e n s e  c a l c u l a t e d  band a t  6 ,2 8  eV w hich  c o n s i s t s  o f
5 2 . 9^ &  .
W hile  t h e  f i r s t  s i x  c a l c u l a t e d  and e x p e r i m e n t a l  
e n e r g i e s  g i v e n  i n  T a b le  8 A  a r e  v e r y  s i m i l a r  i t  i s  n o t  
c o n c l u s i v e  t h a t  a l l  t h e s e  e x p e r i m e n t a l  e n e r g i e s  a r i s e  
f r o m l T  t r a n s i t i o n s ,  b u t  t o g e t h e r  w i t h  t h e  P~
method r e s u l t s  t h e  a g re e m e n t  w i t h  e x p e r i m e n t  i s  e x t r a ­
o r d i n a r y  i f  t h e y  a r e  n o t*
T h i s  c o n c l u s i o n  i s  s u b s t a n t i a l l y  s u p p o r t e d  by 
t h e  t r a n s i t i o n  e n e r g i e s  c a l c u l a t e d  by Kirnura and Naga-  
k u r a  (93)  u s i n g  t h e  MIM m ethod ,  a l t h o u g h  t h e  r e s u l t s  
o b t a i n e d  by t h e s e  w o r k e r s  a r e  n o t  i n  a s  good a c c o rd
w i t h  t h e  e x p e r i m e n t a l  e n e r g i e s  a s  t h o s e  p r e s e n t e d  h e r e a
T h i s  a p p e a r s  t o  be  l a r g e l y  due t o  t h e i r  i n c l u s i o n  of
g round  s t a t e  d e p r e s s i o n *
p ~ b en z6 q u in o ne
w i l l  n e c e s s a r i l y  be a f e a t u r e  o f  any d e s c r i p t i o n  o f  a 
m o le c u l e  i n  t e r m s  o f  more t h a n  two components  s i n c e  t h i s  
i n v o l v e s  a l a r g e  number o f  c h a r g e  t r a n s f e r - g r o u n d  co n ­
f i g u r a t i o n  i n t e r a c t i o n s .  The f i r s t  two t r a n s i t i o n  e n e r ­
g i e s  a r e  a c c i d e n t a l l y  d e g e n e r a t e  a t  k , 3 7  a  r e s u l t  
w h ich  i s  r e t a i n e d  when i n t e r a c t i o n s  i n v o l v i n g  t h e  ground  
c o n f i g u r a t i o n  a r e  p u t  t o  ze ro*  B o th  these ,  f e a t u r e s  have  
b e e n  shown t o  be  i n d e p e n d e n t  o f  t h e  v a l u e  c h o se n  f o r
A i n  t h e  r a n g e  -1.*+ t o  -2* 2  eV.
C=0
o f  p - b e n z o q u in o n e  i n v o l v i n g  f o u r  component s y s te m s  i s  
t o o  d r a s t i c  an a p p r o a c h  i n  v iew o f  t h e  s m a l l n e s s  o f  t h e  
m o le c u l e  ? i n  s p i t e  o f  t h e  e a s e  w i t h  w hich  t h e  p - b e n z o -  
q u in o n e  I P s  may be e q u a te d  t o  i o n i z a t i o n  ;from l o c a l i z e d  
o r b i t a l s *
The p o o r  r e s u l t s  o f  t h i s  c a l c u l a t i o n  may be 
due  t o  any one or  more o f  t h e  f o l l o w i n g  f a c t o r s .
(1 )  The a s s i g n m e n t  o f  t h e  8 . ^ 9  eV band i n  t h e
+ 2 fo rm a ld e h y d e  components
The l a r g e  ground  s t a t e  d e p r e s s i o n  o f  - 1 » 5 3  eV-
I t  can  o n ly  be c o n c lu d e d  t h a t  t h i s  t r e a t m e n t
2 : a c r  o l e  i n  c omp onen t  s
o l e i n  s p e c t r u m  t o  theT T-^T T*
l _ 3
a c r
i n c o r r e c t *
(2)  The d e s c r i p t i o n  o r  p - b e n z o q u in o n e  i n  t e r m s  
o f  two a c r o l e i n  components  b e in g  b a s i c a l l y  i n c o r r e c t ,
(3 )  The a p p r o x i m a t i o n s  i n v o lv e d  i n  t h e  c a l c u ­
l a t i o n }  a s  d e s c r i b e d  p r e v i o u s l y  i n  C h a p t e r  b e in g  t o o  
g r o s s *
I f  (3 )  i s  t a k e n  a s  t h e  c a u s e  o f  t h e  f a i l u r e  t h e n  
t h e  p r e s e n t  r e s u l t s  do o f f e r  a q u a l i t a t i v e  i n t e r p r e t a t i o n  
o f  t h e  p - b e n z o q u in o n e  spec t rum * The f i r s t  band i s  p r e ­
d i c t e d  t o  be f o r b i d d e n  w h e re a s  t h e  second  band i s  p r e ­
d i c t e d  t o  be h i g h l y  a l lo w e d  w i t h  a l a r g e  t r a n s i t i o n  
moment a lo n g  t h e  lo n g  a x i s  (x )  w i t h  a v e r y  s m a l l  compo­
n e n t  a lo n g  t h e  s h o r t  a x i s  ( y ) .  W hile  a s m a l l  t r a n s i t i o n  
moment a lo n g  t h e  y a x i s  i s  n o t  o b se rv e d  e x p e r i m e n t a l l y  
t h i s  can  be r e a d i l y  u n d e r s t o o d  a s  a r i s i n g  from an e r r o r  
i n  t h e  c a l c u l a t i o n  i n  t h a t  t h e  a c r o l e i n  MOs a r e  n o t  
symmetry MOs o f  p -b en z o q u in o n e*  
o -b e n z o q u in o n e
The r e s u l t s  f o r  o -b e n z o q u in o n e  a r e  n o t  i n  
a g re em e n t  w i t h  e x p e r im e n t*
I t  i s  f e l t  t h a t  t h e  a g re e m e n t  o b t a i n e d  f o r  p~
b e n z o q u i n o n e * such  a s  i t  i s ,  i s  p r o b a b l y  f o r t u i t o u s ,
and t h a t  t h e  a p p r o x i m a t i o n s  ( s e e  (3 )  a b o v e )  i n v o l v e d
a r e  t o o  g r o s s ,  a n d / o r  t h e  a c r o l e i n  8.*+9 e ?  band h a s
b e e n  w ro n g ly  a s s i g n e d  ( s e e  (1 )  above)*
I t  i s  a l s o  f e l t  t h a t  t h e  d e s c r i p t i o n  o f
o - b e n z o q u in o n e  i n  t e r m s  o f  two a c r o l e i n  components  i s
r e a s o n a b l e ? and t h a t  a more d e t a i l e d  and r i g o r o u s  c a l c u ­
l a t i o n  w i t h  a p r e c i s e  knowledge  o f  e l e c t r o n  a f f i n i t i e s  and 
a s s i g n m e n t s  f o r  t h e  a c r o l e i n  sp e c t ru m  would g i v e  a good 
d e s c r i p t i o n  of t h e  o -b e n z o q u in o n e  spec t rum * The same 
p o i n t  Of  v iew i s  h e ld  f o r  p - b e n z o q u in o n e  e x c e p t  t h a t  t h e  
MOs o f  a c r o l e i n  n o t  b e in g  symmetry MOs o f  p -ben zo q u in o n e  
must r e s u l t  i n  some e r r o r ,  p a r t i c u l a r l y  i n  t h e  c a l c u l a ­
t i o n  of  t r a n s i t i o n  'moments*
( b ) n —»^TT* and n ~ ^ 7 f *  T r a n s i t i o n s  
The c a l c u l a t i o n s  B g i v e  f a i r  a g re e m e n t  w i t h  
e x p e r i m e n t  f o r  t h e  n —>7T* s i n g l e t  and t r i p l e t  e n e r g i e s  
o f  b o t h  a c r o l e i n  and b e n z a l d e h y d e ,  b u t  c a l c u l a t i o n  A 
g i v e s  p o o r e r  a g re em e n t  f o r  t h e s e  m o lecu le s ,  w i t h  a c a l c u ­
l a t e d  s i n g l e t - t r i p l e t  s p l i t t i n g  i n  e x c e s s  of  t h a t  ob­
se rv e d *  The p o o r n e s s  o f  c a l c u l a t i o n  B f o r  fo rm a ld e h y d e  
and c a l c u l a t i o n  A f o r  a c r o l e i n  and b e n z a ld e h y d e  i s  p r o ­
b a b l y  due t o  one or more of  t h e  f o l l o w in g *
(1)  A wrong a s s i g n m e n t  f o r  one o r  b o t h  o f  t h e  
f o rm a ld e h y d e  ^ 3 * 0  eV and b , 3  ©V bands*
(2)  The change  i n  g e o m e try  of  f o r m a ld e h y d e  on
e x c i t a t i o n  ( s e e  b e l o w ) .
F o r  (2 )  i t  i s  assumed t h a t  t h e  c a r b o n y l  g r o u p s
i n  a c r o l e i n  and b e n z a ld e h y d e  do n o t  change  o r i e n t a t i o n
on e x c i t a t i o n *  T h u s ,  t h e  e x p e r i m e n t a l  fo rm a ld e h y d e
n~>"TT* t r a n s i t i o n  e n e r g i e s  a r e  i n a p p l i c a b l e  t o  t h e  •
n -*T T * Cl m a t r i c e s  o f  a c r o l e i n  and b e n z a l d e h y d e .
A n o th e r  c a u se  o f  t h e  p o o r  a g re em e n t  f o r  f o r m a l -
I k l
dehyde  may w e l l  be t h e  l a c k  o f  e x p l i c i t  c o n s i d e r a t i o n  of  
t h e  c>^ o r b i t a l s *
From t h e  a b s o r p t i o n  and f l u o r e s c e n c e  s p e c t r a  
o f  fo rm a ld e h y d e  i t  h a s  b e e n  c o n c lu d e d  (1 7 6 ,  177* 165)  
t h a t  t h i s  m o le c u le  i s  p y r a m i d a l  i n  t h e  u p p e r  s t a t e  o f  
t h e  b-,3 eV t r a n s i t i o n  w i t h  t h e  c a r b o n y l  g ro up  a t  20° 
t o  t h e  CH2 p l a n e ,  t h e  low b a r r i e r  o f  i n v e r s i o n  g i v i n g  
a d o u b l i n g  o f  t h e  b e n d in g  v i b r a t i o n .  T h a t  fo rm a ld e h y d e  
i s  n o n - p l a n a r  i n  t h e  u p p e r  s t a t e  o f  t h e  ~ '3 .0  eV t r a n s i ­
t i o n  h a s  a l s o  b e en  c o n f i rm e d  by t h e  o b s e r v a t i o n  o f  t h e  
d o u b l i n g  o f  t h e  b e n d in g  v i b r a t i o n  i n  i t s  a b s o r p t i o n  
spec t rum *  On t h e  c ru d e  g r o u n d s  t h a t  t h e T T - e l e c t r o n  
s t a b i l i z a t i o n  e n e r g y  i s  l e s s  f o r  th eT T —S>TT s t a t e  t h a n  
f o r  t h e  n —>"TT s t a t e  i t  would be e x p e c t e d  t h a t  t h e  t e n ­
d ency  t o w a r d s  d e f o r m a t i o n  would be  g r e a t e r  f o r  t h e  f o r m e r  
s t a t e .  T h i s  t e n t a t i v e  c o n c l u s i o n  i s  i n  a g re e m e n t  w i t h  
Brown and H e f f e r n a n ’ s s u g g e s t i o n  (39 )  t h a t  on t h e  b a s i s  
o f  i n t e n s i t y  c o n s i d e r a t i o n s  t h e  ~ 3 . 0  eV band i s  more 
l i a b l e  t o  a r i s e  f rom  t h e T T  —^ T T *  t r a n s i t i o n .
T h i s  p o s s i b i l i t y  o f  r e - a s s i g n m e n t  w i l l  be  d i s ­
c u s s e d  i n  C h a p t e r  9*
C a l c u l a t i o n s  A and B p r e d i c t  t h e  e n e r g i e s  o f
t h e  f i r s t  s i n g l e t  and t r i p l e t  t r a n s i t i o n s  o f  g l y o x a l  t o  
be  g r e a t e r  t h a n  o b s e r v e d ,  a l t h o u g h  f o r  c a l c u l a t i o n  A t h e
s i n g l e t - t r i p l e t  s p l i t t i n g  shows t h e  same e f f e c t  a s  f o r
b e n z a ld e h y d e  and a c r o l e i n  i n  t h a t  i t  i s  f a r  g r e a t e r  t h a n
o b s e r v e d .  F o r  t h e  second t r a n s i t i o n  o f  g l y o x a l
11*2
b o t h  c a l c u l a t i o n s ,  l i k e  t h e  P-methPd c a l c u l a t i o n ,  g i v e  an 
e n e r g y  some *+ eV g r e a t e r  t h a n  obse rved*  I t  i s  i n t e r e s t i n g  
t h a t  b o t h  c a l c u l a t i o n s  A and B g i v e  an e n e r g y  f o r  t h e  
second  n - ^ W r *  t r a n s i t i o n  o f  a c r o l e i n  i n  e x c e l l e n t  a g r e e ­
m ent 'with  e x p e r i m e n t ,  and -while t h e  a g re e m e n t  o b t a i n e d  
w i t h  t h e  P-m ethod  i s  n o t  a s  good t h e  s e n s e  o f  t h e  d e v i a ­
t i o n  i s  t h e  same as  f o r  t h e  f i r s t  n-*- t r a n s i t i o n  ( s e e
8*3 ( i )  ( a )  ) .  C o n s i d e r  t h e  f o l l o w i n g .
(1 )  The s u g g e s t e d  u n c e r t a i n t y  i n  t h e  a p p l i c a b i ­
l i t y  o f  t h e  !*.3 eV band i n  f o r m a ld e h y d e  t o  t h e  n -y 4 T *  Cl 
m a t r i x  o f  g l y o x a l  w i l l  n o t  be r e f l e c t e d  i n  t h e  c a l c u l a t e d  
e n e r g y  f o r  t h e  second  n -v H r*  t r a n s i t i o n  o f  g l y o x a l  s i n c e  
t h i s  i s  e s s e n t i a l l y  a  c h a r g e  t r a n s f e r  t r a n s i t i o n .
(2 )  The v a l u e  o f  c a n n o t  r e a s o n a b l y  be 
a l t e r e d  by an amount s u f f i c i e n t  t o  im prove  t h e  a g re e m e n t  
f o r  t h e  second n -^T T *  t r a n s i t i o n  e n e rg y  o f  g l y o x a l .
I n  v iew o f  t h i s  i t  i s  t e n t a t i v e l y  s u g g e s t e d  t h a t  
t h e  g l y o x a l 5 eV band d o e s  n o t  a r i s e  f rom t h e  n -^T T *  
t r a n s i t i o n  ( s e e  C h a p t e r  9)*
8 A  n ~ » y  Trans it ion  Energies as a Function of Solvent
The s h i f t  i n  t h e  n -v H l*  t r a n s i t i o n  e n e r g y  when 
g o in g  f rom  an i n e r t  t o  a s t r o n g l y  H -bond ing  s o l v e n t  i s  
w e l l  known ( 1 7 8 ) .  T h i s  s h i f t  h a s  b e e n  d i s c u s s e d  t h e o r e t i ­
c a l l y  i n  t e r m s  o f  t h e  F ranck -C o n do n  p r i n c i p l e  (1 7 9 )  where  
t h e  c a s e s  have  b e e n  c o n s i d e r e d  i n  w h ich  t h e  s o l v e n t  
a r r a n g e m e n t  a round  t h e  e x c i t e d  s t a t e  i s  l e s s  s t a b l e  t h a n
l }+3
f o r  t h e  ground s t a t e ,  and v i c e  v e r s a .  W hile  MO m ethods  
i m p l i c i t l y  assume t h a t  t h e '  m o le c u le  i s  i n  an i d e a l  g a s e ­
ous s t a t e  i t  ha s  b e e n  found p o s s i b l e  ( C h a p te r  10)  t o  a l lo w  
f o r  s p i n  d e n s i t y  c h an g e s  w i t h  change  i n  s o l v e n t  by a 
s u i t a b l e  a d j u s t m e n t  o f  t h e  I v a l u e s .  However,  i t  i s  
n o t  p o s s i b l e  t o  e f f e c t  a s i m i l a r  t y p e  o f  t r e a t m e n t  f o r  
t h e  n-~>TT s h i f t  i n  t h e  f ram ew ork  o f  t h e  P-m ethod  and 
MIM method s i n c e  t h e  s o l v e n t  e f f e c t s  a r e  d i f f e r e n t  f o r  
t h e  ground  and e x c i t e d  s t a t e s .
lM+
CHAPTER 9
COMPARISON OF THE P-METHOD AND MIM METHOD
RESULTS
As d i s c u s s e d  p r e v i o u s l y  ( C h a p te r  8 )  i t  i s  
b e l i e v e d  t h a t  t h e  / ^ c o  v a l u e  a p p l i c a b l e  t o  f o r m a ld e h y d e  
■will be i n a p p l i c a b l e  t o  a c r o l e i n  and g l y o x a l  due t o  
fo rm a ld e h y d e  p r o b a b l y  becoming p y r a m i d a l  i n  the'TT-D'Tf*
e x c i t e d  s t a t e 5 a l t h o u g h  t h e r e  i s  no e x p e r i m e n t a l  e v i ­
dence  f o r  t h i s  l a t t e r  a s s e r t i o n .  T ha t  P-method c a l ­
c u l a t i o n s  g i v e  r a t h e r  p o o r  r e s u l t s  f o r  the"TP~$>Tf*' t r a n s i ­
t i o n  e n e r g i e s  o f  g l y o x a l  and a c r o l e i n  i s  r e g a r d e d  a s  
b e in g  due t o  o v e r e s t i m a t i o n  of  c o n j u g a t i o n  b e tw ee n  t h e  
c a r b o n y l  and e t h y l e n e  g r o u p s  and n o t  t h e  c h o i c e  o f  p o o r  
p a r a m e t e r  v a l u e s .  As t h e  e x p e r i m e n t a l  t r a n s i t i o n  e n e r ­
g i e s  o f  g l y o x a l  and a c r o l e i n  a r e  q u i t e  h i g h  i t  may be 
c o n s i d e r e d  t h a t  i n  t h e s e  c a s e s  d o u b ly  e x c i t e d  c o n f i g u ­
r a t i o n s  sho u ld  be i n t r o d u c e d  i n t o  t h e  c a l c u l a t i o n *  I f  
t h i s  were  done t h e  c a l c u l a t e d  t r a n s i t i o n  e n e r g i e s  would 
p r o b a b l y  be  i n  p o o r e r  a g re e m e n t  w i t h  e x p e r im e n t*  M u r r e l l  
and McEwen (30)  have  found t h a t  t h e  improvement  o f  c a l ­
c u l a t e d  t r a n s i t i o n  e n e r g i e s  by t h e  i n c l u s i o n  o f  d o u b ly  
e x c i t e d  c o n f i g u r a t i o n s  t e n d s  t o  be s m a l l  s i n c e  t h e _ 
ground  and e x c i t e d  s t a t e  e n e r g i e s  a r e  d e p r e s s e d  t o  
n e a r l y  t h e  same e x t e n t *  They c o n c lu d e d  t h a t  t h e  n e g l e c t
iM
o f  such  c o n f i g u r a t i o n s  may he compensa ted  f o r  by a j u d i ­
c i o u s  c h o ic e  o f  one and two c e n t r e  p a r a m e t e r  v a l u e s .
The value ,  o f  } c h o sen  f o r  c a l i b r a t i o n  o f  t h e / ^ j
r e l a t i o n  i s  one ■which g i v e s  good r e s u l t s  f o r  t h e  t r a n s i ­
t i o n  e n e r g i e s  o f  b e n ze n e  c a l c u l a t e d  "with t h e  i n c l u s i o n  
o f  s i n g l y  e x c i t e d  c o n f i g u r a t i o n s  only* I t  i s  assumed 
t h a t  a l l  t h e v a l u e s  u se d  i n  t h i s  work have  such  a 
c o m p e n sa t in g  p r o p e r t y *  The good r e s u l t s  f o r  t h e  MIM 
c a l c u l a t i o n s  on a c r o l e i n  and g l y o x a l  i s  n o t  s u r p r i s i n g  
s i n c e  t h e  supposed  s m a l l n e s s  o f  c o n j u g a t i o n  b e tw een  
com ponents  i s  a c r i t e r i o n  f o r  s u c c e s s f u l  a p p l i c a t i o n  o f  
t h e  m ethod .  However,  b e n z a ld e h y d e  g i v e s  good r e s u l t s  
f o r  t h e  P - and t h e  MIM methods* To u n d e r s t a n d  t h i s  t h e  
more o bv io u s  example  of  b i n a p h t h y l  w i l l  be c o n s i d e r e d .  
The h i g h l y  c o n j u g a t e d  n a p h t h a l e n e  components  i n  t h i s  
m o le c u le  may be s a t i s f a c t o r i l y  d e s c r i b e d  by t h e  P-method 
(59)* When t h i s  method i s  a p p l i e d  t o  t h e  c o m p o s i t e  
sy s te m  t h e  o v e r e s t i m a t i o n  of  c o n j u g a t i o n  b e tw e e n  t h e  
components  w i l l  be n e g l i g i b l e  a s  t h i s  r e p r e s e n t s  on ly  
a s m a l l  p a r t  o f  t h e  c o n j u g a t i o n  i n  t h e  whole  m o l e c u l e .
I t  i s  q u i t e  c l e a r  t h a t  t h i s  sy s te m  i s  i d e a l  f o r  t r e a t ­
ment by t h e  MIM m ethod .  F u r t h e r ,  t h e s e  l a r g e  n a p h t h a ­
l e n e  m o le c u l e s  a r e  c e r t a i n  t o  r e t a i n  t h e  main f e a t u r e s  
o f  t h e i r  g round  s t a t e  g eo m e try  on e x c i t a t i o n  e i t h e r  
when f r e e  or  when i n  t h e  c o m p o s i t e  sy s te m .  T h i s  l a t t e r  
p o i n t  i s  n o t  e x p e c te d  t o  be v e r y  i m p o r t a n t  f o r  b e n z a l d e ­
hyde and t h e  o v e r e s t i m a t i o n  of  c o n j u g a t i o n  i n  t h e  P -
method w i l l  he  q u i t e  s m a l l .  However,  t h i s  o v e r e s t i m a t i o n  
a lm o s t  c e r t a i n l y  r e p r e s e n t s  a h i g h e r  p r o p o r t i o n  of  t h e  
t o t a l  c o n j u g a t i o n  a s  compared w i t h  t h a t  i n  b i n a p h t h y l *
T h i s  may w e l l  he t h e  c a u s e  o f  t h e  P-method t r a n s i t i o n  
e n e r g i e s  h e in g  i n  s l i g h t l y  p o o r e r  a g re e m e n t  w i t h  e x p e r i ­
ment t h a n  a r e  t h o s e  o f  t h e  MIM m ethod .  T h i s  i s  p a r t i c u ­
l a r l y  t r u e  f o r  t h e  l o w e s t  t r a n s i t i o n  e n e r g y  f o r  which  t h e  
b e s t  a g re em e n t  would he e x p e c t e d ,
I t  i s  assumed t h a t  t h e  change  o f  g e o m e try  on
.  I ——
M - *  It e x c i t a t i o n  of  t h e  e t h y l e n e  and c a r b o n y l  compo­
n e n t s  w i l l  n o t  be v e r y  m ark ed .  T h i s  c o n t r a s t s  w i t h  t h e  
s u g g e s t e d  b e h a v i o u r  of  fo rm a ld e h y d e  and t h e  known b e h av io u r  
o f  e t h y l e n e  (10)  on e x c i t a t i o n .  Thus t h e  a p p l i c a b i l i t y  o f  
t h e  e x p e r i m e n t a l  fo rm a ld e h y d e  and e t h y l e n e H T  —5>Tf* t r a n s i ­
t i o n  e n e r g i e s  t o  t h e  a p p r o p r i a t e  on d i a g o n a l  C l  t e r m s  of  
t h e  c o m p o s i t e  sy s te m s  i s  s u s p e c t *
While  t h e  MIM r e s u l t s  f o r  b e n z a ld e h y d e  a r e
e x c e l l e n t  i t  c a n n o t  be c o n c lu d e d  t h a t  t h e  above d o u b t  i s
a l l a y e d .  T h i s  may be r e a d i l y  u n d e r s t o o d .  The e n e r g i e s
1 *o f  t h e  benzene*lT“»^ > TT b a n d s  a r e  l e s s  t h a n  b o t h  t h a t  o f
1 *t h e  f o r m a ld e h y d e T T - ^  "TT band and t h o s e  c a l c u l a t e d  f o r  
t h e  c h a r g e  t r a n s f e r  c o n f i g u r a t i o n s .  T h i s  r e s u l t s  i n  t h e  
t h r e e  l o w e s t  energyT T  s t a t e s  o f  b e n z a ld e h y d e
c o n s i s t i n g  m a in ly  o f  t h e  b e n z e n e  s t a t e s .  O b v i o u s l y , ,  
e ven  i f  somewhat i n a p p l i c a b l e ,  t h e  f o rm a ld e h y d e  
t r a n s i t i o n  e n e r g y  c a n n o t  r e s u l t  i n  a p p r e c i a b l e
1*4-7
e r r o r  in. t h e  b e n z a ld e h y d e  c a l c u l a t i o n ®  The c a l c u l a t e d  
c h a r g e  t r a n s f e r  e n e r g i e s  a r e  a lw ay s  u n c e r t a i n  due  t o  
t h e  c o n t r i b u t i o n  o f  t h e  e l e c t r o n  r e p u l s i o n  i n t e g r a l s  
v i a  t h e  i n t e r a c t i o n  p a r t  o f  t h i s  011 d i a g o n a l  Cl term®
The u s e  o f  an e m p i r i c a l  v a l u e  of  A i s  n o t  c o n s i d e r e d  
t o  be a s o u r c e  o f  u n c e r t a i n t y  a s  t h i s  v a l u e  was a d j u s t e d  
t o  g i v e  t h e  b e s t  r e s u l t s  f o r  b e n z a l d e h y d e * H ow ever9 
t h e  p o i n t  i s  t h a t  t h e  c a l c u l a t e d  c h a r g e  t r a n s f e r  e n e r -  
g i e s  t e n d  t o  be  t o o  h i g h  t o  mix i n  a p p r e c i a b l y  w i t h  t h e  
lo w e r  e n e rg y  b e n ze n e  s t a t e s  so t h a t  t h e  u n c e r t a i n t y  i n  
t h e s e  f o r m e r  e n e r g i e s  i s  n o t  r e f l e c t e d  i n  t h e  c a l c u l a t e d  
b e n z a ld e h y d e  t r a n s i t i o n  e n e r g i e s #
T ha t  t h e  MIM r e s u l t s  f o r  a c r o l e i n  and g l y o x a l  
a r e  n o t  a s  good a s  f o r  b e n z a ld e h y d e  i s  due t o  t h e  i n c r e a  
sed im p o r t a n c e  o f  t h e  e x p e r i m e n t a l  e t h y l e n e  and fo r m a ld e  
hyde t r a n s i t i o n  e n e r g i e s  and t h e  e n e r g i e s  o f  t h e  c h a r g e  
t r a n s f e r  c o n f i g u r a t i o n s ®  The u n c e r t a i n t y  i n  t h e s e  l a t ­
t e r  e n e r g i e s  i s  p a r t i c u l a r l y  i m p o r t a n t  s i n c e  t h e  Aq=q 
v a l u e  was t h e  optimum v a l u e  f o r  b e n z a ld e h y d e  and may 
n o t  be q u i t e  a s  s u i t a b l e  f o r  a c r o l e i n  and g lyoxal®
The p o o r  a g re em e n t  o b t a i n e d  f o r  t h e  n
s i n g l e t  and t r i p l e t  e n e r g i e s  o f  t h e  c o m p o s i t e  sy s te m s  
when t h e  bo3  eV and ~ 3 « 0  eV b a n d s  o f  f o r m a ld e h y d e  were  
u se d  a s  on d i a g o n a l  C l  t e r m s  i s  most l i k e l y  due t o  
e i t h e r  o r  b o t h  o f  t h e  f o l l o w i n g  r e a s o n s *
1W
(1)  The e x p e r i m e n t a l  fo rm a ld e h y d e  n ~ y i r  
t r a n s i t i o n  e n e r g i e s  b o t h  r e f e r  t o  a s i t u a t i o n  i n  "which t h e  
m o le c u le  i s  d i s t i n c t l y  p y r a m i d a l  i n  t h e  e x c i t e d  s t a t e *
I t  i s  u n l i k e l y  t h a t  t h e  change  i n  g e o m e try  o f  t h e  c a r b o n y l  
g roup  i s  q u i t e  a s  marked so t h a t  t h i s  e x p e r i m e n t a l  
t r a n s i t i o n  e n e rg y  o f  fo rm a ld e h y d e  may be  u n s u i t a b l e  f o r  
u s e  a s  an on d i a g o n a l  Cl t e r m ,
(2)  The ~ 3 . 0  eV band o f  fo rm a ld e h y d e  i s  d i s ­
c u s s e d  below where  t h e  p o s s i b i l i t y  o f  a r e - a s s i g n m e n t  
i s  t e n t a t i v e l y  s u g g e s t e d .
The e v id e n c e  f o r  t h e  - ^ 3 * 0  eV band o f  f o r m a l d e ­
hyde a r i s i n g  from a t r i p l e t  t r a n s i t i o n  comes from mag­
n e t i c  r o t a t i o n  s p e c t r a l  e v id e n c e  (16*+), b u t  no d i s c r i m i -
q jk ___ o  jjf
n a t i o n  i s  made b e tw ee n  n - y n f  an dT T  - ^ T T  t r a n s i t i o n s ,  
Cohen and Reid (15*+) have s u g g e s t e d  t h a t  t h i s  band a r i s e s  
f rom  t h e  n - ^ T T *  t r a n s i t i o n .  T h i s  v a l u e  and a s s i g n m e n t  
have b e e n  uSed f o r  c o r r e l a t i o n  w i t h  c a l c u l a t e d  e n e r g i e s  
by Sidrnan ( 3 6 ) 9 P a r k s  and P a r r  (37) and G o o d f r i e n d  e t  a l  
(35)* The l a r g e  o b se rv ed  n*~>7T* s i n g l e t - t r i p l e t  s p l i t ­
t i n g  o f  1*3 eV i s  n o t  r e p r o d u c e d  by t h e s e  c a l c u l a t i o n s  
n o r  by t h o s e  p r e s e n t e d  i n  t h i s  work*. Brown and H e f f e r n a n  
(39)  have s u g g e s t e d  t h a t  on t h e  b a s i s  o f  i n t e n s i t y  c o n ­
s i d e r a t i o n s  t h e  ~ 3 * 0  eV band i s  more l i a b l e  t o  a r i s e  f rom  
t h e i r  t r a n s i t i o n  ( s e e  C h a p t e r  8 ) ,
T h e i r t r a n s i t i o n  e n e r g i e s  o f  f o r m a l d e ­
hyde a s  c a l c u l a t e d  by t h e  P-m ethod  i n  t h i s  work and a s
1^9
g i v e n  i n  r e f s *  (36)  and (39)?  a r e  p r e s e n t e d  i n  T a b le  9*1# 
T a b le  9»1» C a l c u l a t e d  n T ’-'-^TT* T r a n s i t i o n  E n e r g i e s  o f  
Formaldehyde*
-TT-PlT* (eV) ^ . 0  3 . 7  -  3 . 8  3 . 9
r e f *  36 39 T h i s  Work
I n  view o f  t h e  a g re e m e n t  b e tw e e n  t h e s e  c a l c u ­
l a t e d  e n e r g i e s  and t h e i r  m a g n i tu d e  i t  x^ould n o t  be  am iss  
i f  t h i s  t r a n s i t i o n  and n o t  t h e  n — t r a n s i t i o n  were 
a s s i g n e d  t o  t h e  <^3*0 eV b a n d .  T h i s  h a s  t h e  e f f e c t  on 
g l y o x a l  i n  t h e  MIM method o f  p r e d i c t i n g  twoTT 
t r a n s i t i o n s  a t  2*^5 eV and 2 . 8 k  eV. T h i s  r e s u l t  i s  
g i v e n  q u a l i t a t i v e l y  by t h e  P-m ethod  w i t h  t h e  c o r r e s p o n ­
d in g  e n e r g i e s  o f  2*01 eV and 3*08 e?* T h i s  a g re em e n t  
i s  r e g a r d e d  a s  b e in g  m e a n in g f u l  s i n c e  t h e  c a l c u l a t i o n s  
o f  t h e i r - ^ h f  t r a n s i t i o n  e n e r g i e s  o f  a c r o l e i n  and g l y o x a l  
f o r  t h e  P -  and MIM m ethods  a r e  e s s e n t i a l l y  i n  a g r e e m e n t .  
The c a l c u l a t e d l T — t r a n s i t i o n s  would l i e  u n d e r  t h e
n-»V* and n -> 3TT* t r a n s i t i o n s  a t  2*7 ©V and 2*k eV 
r e s p e c t i v e l y *  T h i s  s u g g e s t i o n  m ig h t  a c c o u n t  f o r  t h e  g r e a ­
t e r  t h a n  e x p e c te d  i n t e n s i t y  and complex band s t r u c t u r e  
o f  t h e  m a g n e t i c  r o t a t i o n  s p e c t r u m  o f  g l y o x a l  (16*0•
One o f  t h e  r e a l  d i f f i c u l t i e s  i n  t h i s  w ork ,  a s  
h a s  b e en  em phas ized  b e f o r e ,  i s  t o  o b t a i n  a g re em e n t  
f o r  g l y o x a l  b e tw ee n  t h e  c a l c u l a t e d  e n e rg y  o f  t h e  second
15o
n — t r a n s i t  io n  and t h e  o b se rv ed  e n e rg y  a t  e'Vc
I n  view o f  t h e  good ag re em e n t  b e tw ee n  HIM and P--method
c a l c u l a t i o n s  on a c r o l e i n  f o r  t h e  c o r r e s p o n d i n g  t r a n s i ­
t i o n  t h e  p o o r  ag re em e n t  f o r  g l y o x a l  i s  s u r p r i s i n g  *
T ha t  t h i s  band i n  g l y o x a l  a r i s e s  f rom an i m p u r i t y  i s  
n o t  c o n s i d e r e d  s e r i o u s l y  s i n c e  t h e  c o r r e s p o n d i n g  band 
h as  b een  ob se rv ed  f o r  a number o f  c y c l i c  c y^  - d i k e t o -  
n e s  (h-6), I t  i s  i n t e r e s t i n g  t h a t  f o r  b i a c e t y l  (180)  
t h i s  band d o e s  n o t  show t h e  c h a r a c t e r i s t i c  s h i f t  o f  
n  t r a n s i t i o n s  a s  t h e  p o l a r i t y  o f  t h e  s o l v e n t  i s
changed* T h i s  r e s u l t  has  n o t ,  a s  y e t , b e en  d e m o n s t r a t e d  
f o r  g l y o x a l  o r  t h e  above c y c l i c  - d i k e t o n e s *  The
p r e s e n t  l a c k  o f  a g re e m e n t  b e tw e e n  t h e  e x p e r i m e n t a l  
b a n d s  and t h e  c a l c u l a t e d  t r a n s i t i o n  e n e r g i e s  o f  g l y o x a l  
may be  due t o  one or  more m i s - a s s i g n m e n t s ,  b u t  any 
a t t e m p t  a t  r e - a s s i g n m e n t  on t h e  b a s i s  o f  t h e  r e s u l t s  
p r e s e n t e d  h e r e  i s  u n j u s t i f i a b l e .
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CHAPTER 10
CALCULATED SPIN DENSITIES AND ELECTRON 
SPIN RESONANCE STUDIES
10*1 S p in  D e n s i t i e s
( i ) “E x p e r iment a l 1 S p in  D e n s i t i e s
Das and F r a e n k e l  ( 6 7 ) have  o b t a i n e d  t h e  s p i n  
d e n s i t i e s  o f  p - b e n z o s e m iq u in o n e  (PBSQ) and 9 s l 0 - a n t h r a -  
s e m iq u in o n e  (ASQ) by a method i n v o l v i n g  t h e  u s e  o f  
K a r p l u s - F r a e n k e l  t h e o r y  (66)  and M c C o n n e l l1s r e l a t i o n  
w i t h  Q - - 2 7  g a u s s .
I n  t h e  p r e s e n t  c a l c u l a t i o n s  U and U ^ /^s  (U0 c ( 0 ) c
o f  t h e  c a r b o n y l  g r o u p )  were  a d j u s t e d  t o  r e p r o d u c e  t h e  
Das and F r a e n k e l  s p i n  d e n s i t i e s  f o r  PBSQ i n  d i - m e th o x y  
e t h a n e  (DME). These  p a r a m e t e r  v a l u e s ,  w h ich  a r e  u n i q u e  
f o r  PBSQ, were  t h e n  a p p l i e d  t o  ASQ and t h e  r e s u l t i n g  
s p i n  d e n s i t i e s  were  compared w i t h  t h e  v a l u e s  o b t a i n e d  
by Das and F r a e n k e l  f o r  ASQ i n  DME. T h i s  p r o c e d u r e  was 
r e p e a t e d  f o r  PBSQ and ASQ i n  a q .  EtOH. The r e s u l t s  
a r e  p r e s e n t e d  i n  T a b le  1 0 « I .
( i i )  S o l v e n t  E f f e c t  on S e m iq u in o n e s
For  l s* + -n ap h th o sem iq u in o n e  (NSQ) and PBSQ 
t h e  c o u p l i n g  c o n s t a n t s  i n  a c e t o n i t r i l e  (CH^CN) and ' 
d i - m e t h y l  s u l p h o x i d e  (DMSO) were  found t o  be  t h e  same
152
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■within, e x p e r i m e n t a l  e r r o r  and t o  d i f f e r  m ark e d ly  from t h e  
c o r r e s p o n d i n g  v a l u e s  i n  a lk .E tO H  and ac^. a l k a l i n e  s o l u ­
t i o n s  (iM-l) .
T h i s  d i f f e r e n c e  i n  c o u p l i n g  c o n s t a n t s  i n  g o in g
from  a non H-bond ing  s o l v e n t  t o  a s t r o n g l y  H -bond ing
s o l v e n t  ha s  b e en  r e p r o d u c e d  by b o t h  t h e  HMO and McLachlan
m ethods  u s i n g  M c C o n n e l l ’ s r e l a t i o n  ( 1 8 1 ) .  I t  was found
t h a t  a d e e p e r  v a l u e  o f  was r e q u i r e d  f o r  t h e  H-
b o n d in g  s o l v e n t  w i t h  y3 and k e p t  c o n s t a n t
f o r  s i m p l i c i t y .  A p o s s i b l y  model i s  one i n  w h ich  t h e
s p i n  d e n s i t y  change  w i t h  s o l v e n t  i s  d e t e r m i n e d  by t h e
d e g r e e  o f  i n t e r a c t i o n  b e tw e e n  t h e  oxygen l o n e  p a i r
o r b i t a l  and t h e  s o l v e n t .  T h i s  i n t e r a c t i o n  would be
a n t i c i p a t e d  t o  b e , s i m i l a r  i n  s o l v e n t s  such  a s  DME3 DMSO
and CH^CN and t o  be  Less  t h a n  t h e  i n t e r a c t i o n  i n  a 11-
b o n d in g  s o l v e n t .  The d i m i n i s h e d  e f f e c t  o f  t h e  l o n e  p a i r
on the 'T T  — sy s te m  when i n  t h e  H -bond ing  s o l v e n t  w i l l  be
most  marked f o r  t h e  o r b i t a l  and t o  a l e s s e r  e x t e n t
f o r  t h e  2p , . o r b i t a l .  On a p u r e l y  e l e c t r o s t a t i c  c ( o )
model t h e  e f f e c t i v e  v a l e n c e  s t a t e  I P s  o f  b o t h  a tom s o f  
t h e  c a r b o n y l  g ro u p  w i l l  be  d e e p e r  when i n  t h e  H -bond ing  
s o l v e n t .  T h i s  r e s u l t  h a s  b e en  found  i n  t h e  p r e s e n t  
c a l c u l a t i o n s .
Das and F r a e n k e l  a t t e m p t e d  t o  r e p r o d u c e  t h e i r  
e x p e r i m e n t a l  s p i n  d e n s i t i e s  f o r  PBSQ and ASQ by v a r y i n g  
t h e  p a r a m e t e r  v a l u e s  o fc v L 0 and / ^ c=0 i n  McLachlan
15b
t y p e  c a l c u l a t i o n s .  They found t h a t  n o t  o n ly  had t h e  
p a r a m e t e r  v a l u e s  t o  be changed w i t h  change  i n  s o l v e n t  
b u t  t h e y  had a l s o  t o  be d i f f e r e n t  for .PBSQ and ASQ i n  
a g i v e n  s o l v e n t .  In  t h i s  r e s p e c t  t h e  p r e s e n t  c a l c u ­
l a t i o n s  a r e  s u p e r i o r .
The s p i n  d e n s i t i e s  o f  some o t h e r  se m iq u in o n e s  
and c a r b o n y l  a n io n  r a d i c a l s  were c a l c u l a t e d ,  t h e  UQ 
and v a l u e s  o b t a i n e d  f o r  PBSQ i n  DME b e in g  u se d
f o r  a l l  non  H-bonding  s o l v e n t s .  The c o u p l i n g  c o n s t a n t s  
p r e s e n t e d  i n  T a b le  1 0 .2  were  o b t a i n e d  f rom M c C o n n e l l ’ s 
r e l a t i o n  w i t h  Q = - 2 7  g a u s s  and t h e i r  s i g n s  a r e  t h o s e  
com puted .  Fo r  none o f  t h e s e  r a d i c a l s ,  a r e  t h e  s i g n s  o f
t h e  c o u p l i n g  c o n s t a n t s  known e x p e r i m e n t a l l y ,
( i i i )  D i s c u s s i o n  o f  R e s u l t s  o f  ( i i )
W hile  t h e  e f f e c t  o f  s o l v e n t  on t h e  c o u p l i n g
c o n s t a n t s  i s  g i v e n  i n  q u a l i t a t i v e  t e r m s  u s i n g  t h e  g i v e n  
U and U , v v a l u e s  t h e  a g re em e n t  w i t h  t h e  a b s o l u t eO C^O;
v a l u e s  of. c o u p l i n g  c o n s t a n t s  i s  r a t h e r  p o o r .  In deed  i t  
may be  r e a d i l y  d e m o n s t r a t e d  t h a t  HMO c a l c u l a t i o n s  w i t h  
a s  1 , 2  f o r  t h e  non H -bond ing  s o l v e n t  and l A  f o p  
t h e  H-bond ing  s o l v e n t  l e a d s  t o  no  w orse  a g r e e m e n t .  The 
u n p a i r e d  e l e c t r o n  d e n s i t i e s  o f  HMO t h e o r y  c a n n o t  be  a s  
m e a n i n g f u l  a s  t h e  s p i n  d e n s i t i e s  o f  t h o s e  MO methods 
w h ic h  e x p l i c i t y  c o n s i d e r  e l e c t r o n  s p i n .  However ,  from 
t h e  p u b l i s h e d  r e s u l t s  o f  b o t h  t h e o r i e s  f o r  c o n j u g a t e d  
h y d r o c a r b o n  f r e e  r a d i c a l s  (69* 70 ,  88 )  i t  a p p e a r s  t h a t
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T a b le  10*2  Com parison o f  C a lc u la t e d  and E x p e r im e n ta l
C o u p lin g  C o n s ta n t s  f o r  some S em iq u in o n e s  and 
C arb on y l A n ion s  R a d i c a l s .
Compound
^  Uc = - 9.92  - 10.15
ben zop h en on e  
a n io n  r a d i c a l  
0
DMSO DME(Na) EtOH(Na) 
(18*0 (1 8 5 )  (1 85)
2 - 2 .07  - 2 .20  2 .52  2.58  2 .80
2 3 0 .5 3  0 .5 7  0 .8 2  0 .8 6  1 .0 3
P f  - 2 .3 0  - 2 .3 5  3 .5 0  3.**- 3.*+6
u n p a ir e d  e l e c t r o n  d e n s i t i e s  and p o s i t i v e  s p i n  d e n s i t i e s  a r e  
u s u a l l y  i n  q u i t e  good a g r e e m e n t .  W hile  HMO t h e o r y  d o e s  n o t  
p r e d i c t  n e g a t i v e  s p i n  d e n s i t i e s  t h i s  i s  n o t  v e r y  im p o r t a n t ,  
p r a c t i c a l l y  s p e a k in g ,  a s  t h e s e  te n d  t o  be v e r y  s m a l l .  Thus  
i t  would ap p ea r  t h a t  t h e  c h i e f  o b j e c t i o n  t o  t h e  u s e  o f  u n ­
p a ir e d  e l e c t r o n  d e n s i t i e s  a s  a f i r s t  a p p r o x im a t io n  t o  s p in  
d e n s i t i e s  i s  a e s t h e t i c  r a t h e r  th a n  p r a c t i c a l .
r e s u l t s  o b ta in e d  u s i n g  t h i s  s o p h i s t i c a t e d  method o f  c a l c u ­
l a t i n g  s p in  d e n s i t i e s .
F r a e n k e l  f o r  o b t a in in g  t h e  e x p e r im e n t a l  PBSQ s p i n  d e n s i t i e s .  
The tw o p a r a m e te r s  Qc o  and u se d  i n  K a r p lu s -F r a e n k e l  
t h e o r y ,  w ere e v a lu a t e d  by assu m in g  t h a t  M c C o n n e l l 's  r e l a t i o n
We now n eed  t o  i n v e s t i g a t e  t h e  c a u s e s  o f  t h e  poor
One c a u s e  l i e s  i n  t h e  p r o c e d u r e  a d op ted  by Das and
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w i t h  Q=~27 g a u s s  was a p p l i c a b l e  t o  PBSQ and 2 s 5 “d i »  
h y d ro x y -1  a k -b e n z o s e m iq u in o n e  (DOSQ)# I n  t h e  f i r s t  p l a c e  
t h i s  v a lu e  o f  Q was j u s t i f i e d  by B o l t o n  and F r a e n k e l * s  
u s e  of  i t  (186)  i n  an ESR s t u d y  o f  t h e  a n t h r a c e n e  p o s i t i v e  
and n e g a t i v e  ions*  However, t h e s e  w o r k e r s  found t h i s  
v a lu e  a s  b e in g  a p p l i c a b l e  i n  t h e  s e n s e  t h a t
T-T 4 . T-T jl. _
) = Q( ^  + ^  ) = 2 Qgj  1 0 .1
where  t h e  s p i n  d e n s i t i e s  a t  t h e  9 p o s i t i o n  i n  t h e  p o s i t i v e  
and n e g a t i v e  i o n s ,  0 ^ and 0 ^ r e s p e c t i v e l y ,  were t a k e n  
a s  e q u a l  ( p a i r i n g  th e o r e m  (2k)  )# T h i s  d o e s  n o t  mean 
t h a t  t h e  r e s u l t i n g  Q v a l u e  i s  t h e  b e s t  v a l u e  f o r  u s e  i n  
McConnell*s  r e l a t i o n  s i n c e  t h e  e q u a t i o n  1 0 .1  i s  g i v e n  by 
b o t h  t h e  CB and GNP r e l a t i o n s  (8 8 ) ,  t h e  t e r m s  £L9 + £ 9
yq y» » yq yq
and e 9  + e r  b o t h  b e in g  z e r o .  For t h e  a n t h r a ­
cene  a n io n  r a d i c a l  a v a l u e  of  0 ^ - 2 9  g a u s s  was found 
b e s t  f o r  t h e  McConnell  r e l a t i o n .  S e c o n d ly ,  t h e  u s e  of  
t h e  McConnell  r e l a t i o n  f o r  PBSQ and DOSQ i s  n o t  r e a l i s t i c  
i f  t h e  C and D p a r a m e t e r  v a l u e s  o b t a i n e d  by Sny d e r  and 
Amos (8 8 ) f o r  t h e  CB and GNP r e l a t i o n s  a r e  m e a n i n g f u l ; a s
t h e  0 nn and £  v a l u e s  a r e  bound t o  be  markedly.' - d i f f e ­
r e n t  f o r  t h e s e  two r a d i c a l s .
( i v )  Pa r a m e t e r  F i t t i n g  P r o c e d u r e  
A p a r a m e t e r  f i t t i n g  p r o c e d u r e  was a d o p te d  h e r e  
i n  w hich  i t  was hoped t h a t  unam biguous  v a l u e s  for-
0 ,C ,D.U and U / n would be o b t a i n e d  f o r  PBSQ and ASQ,' 7 0 c \,o j
1 53
Amos and Snyder  (88)  have s u c c e s s f u l l y  u sed  CB and GNP 
r e l a t i o n s  "with t h e  s p i n  d e n s i t i e s  o f  c o n j u g a t e d  h y d r o ­
c a r b o n  r a d i c a l s  c a l c u l a t e d  i n  an i d e n t i c a l  manner t o  
t h o s e  h e r e .  However,  t h e  r e s u l t i n g  C and D v a l u e s  a r e  
n o t  s t r i c t l y  a p p l i c a b l e  t o  t h i s  work due t o  t h e i r  u s e  
o f  a  c o n s t a n t  Uc v a l u e  and d i f f e r e n t  a n d v a l u e s .
T h e i r  v a l u e  of  Q was t a k e n  f rom B o l t o n  and F r a e n k e l ’ s 
work on t h e  a n t h r a c e n e  i o n s ,  b u t  t h i s  v a l u e  was n o t  
a d o p te d  h e r e  s i n c e  t h i s  p r e - s u p p o s e s  t h e  v a l i d i t y  o f  
K a r p l u s - F r a e n k e l  t h e o r y ,  and i t  was f o r  t h e  p u r p o s e  o f  
s u b s e q u e n t l y  t e s t i n g  t h i s  same t h e o r y  t h a t  t h e  p r e s e n t  
p r o c e d u r e  f o r  c a l c u l a t i n g  s p i n  d e n s i t i e s  was a d o p t e d .
L e t  u s  c o n s i d e r  t h e  e x p e r i m e n t a l  c o u p l i n g  c o n ­
s t a n t s  f o r  PBSQ and ASQ i n  a g i v e n  s o l v e n t ,  nam ely
TT H Ha l ~ P ,  a^ A and A where  P r e p r e s e n t s  PBSQ and A r e p r e ­
s e n t s  ASQ*
2 = ^ ?2A +  C ^2A ?2A 1 0 . 2
a®P = Qf2P + c e 2P f 2 P 1 0 .3
a | v  e 2A a 2P,/f 2 P  = C ( ^2A " e 2P^ 1 0 . ^
a 2^  ~ -p^ nn2ii.-}* D P 1 0 .5
( i )  The s p i n  d e n s i t y  c a l c u l a t i o n s  were  r e p e a t e d
f o r  a wide  r a n g e  o f  U and U / > v a l u e s .  F o r  e a c h  p a i ro c v o ;
a v a l u e  o f  C was o b t a i n e d  f rom  e q u a t i o n  10.*+, and' t h e n
a v a l u e  of  Q was o b t a i n e d  f rom e i t h e r  o f  t h e  e q u a t i o n s
1 0 .2  and 10 .3*
159
(2) Cince 0 i s  known f o r  each  U0 and Uc ( 0 ) 
p a i r  t h e n  from 1 0 .5  we may o b t a i n  a v a lu e  f o r  D f o r  each  
p a i r .
(3)  We now have v a l u e s  f o r  Q, D and C u s in g  t h e  
e x p e r i m e n t a l  c o u p l in g  c o n s t a n t s  a^A (CB and GNP) and
H Fa^PCCB). a-jii was c a l c u l a t e d  by t h e  GNP r e l a t i o n  f o r  
each  UQ and p a i r .  By a s e r i e s  o f  e x t r a p o l a t i o n s
p a i r s  o f  UQ and Uc ( 0 ) v a l u e s  n e c e s s a r y  t o  f i t  a^A(GNP) 
w i th  e x p e r im en t  were o b t a i n e d .
TT
(W) The above (3) was r e p e a t e d  f o r  a^A(CB).
(5)  A p l o t  of a^A (GNP) and a?A (CB) w i t h  UQ 
and as  axes  gave two c o n to u r s  which i n t e r s e c t e d
u n i q u e l y .
(6)  F i n a l l y ,  t h e  c o n to u r  o f  a^P c a l c u l a t e d  by 
t h e  GNP r e l a t i o n  was p l o t t e d  on t h e  same g rap h  a s  th e  
p r e v i o u s  two c o n to u r s  t o  d e te r m in e  w he th e r  o r  n o t  i t  
i n t e r s e c t e d  a t  t h e  same p o i n t .
T h is  p r o c e d u r e  was r e p e a t e d  f o r  t h e  c o u p l in g  
c o n s t a n t s  i n  DME? DMSO and aq.EtOH.
The r e s u l t s  a r e  p r e s e n t e d  i n  T a b le s  10 .3  and
l o . b .
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T a b le  1 0 .3 .  R e s u l t s  o f  t h e  P a r a m e te r  F i t t i n g  P r o c e d u r e
f o r  PBSQ and ASQ
H HE x p e r im e n ta l  a  ^  C a l c u l a t e d  a
~ Type o f
S o lv e n t  DME DMSO aq.EtOH DME DMSO aq.E tO H  R ela tion
a ^ A  - 0 .2 7 1 - 0 .3 0 3  - 0 . 5 5 0  - 0 .2 7 ^ - 0 .3 0 3  -0A8M- GNP
-0.275 -0.302 -OA68 CB
afp -2.395 - 2 .149 -2.368 -2.398 -2.>+15 -2.285 GNP
* r e f e r e n c e  ( 67 )
T a b le  1 0 . ^ .  P a r a m e te r  V a lu e s
S o lv e n t DME DMSO aq.EtOH
Q - b 2 .6 b -U-0A6 -2 9 .“+7
D -  0.05 0.08 1.23
C 2A 5 -0 .36 A . 77
uo -17.70 -17.38 -20A 2
* C ( . ) -11.^7 -11.36 -10.67
The n o m e n c la tu r e  u se d  i n  C h a p te r  10 h a s  b e e n  s i m p l i f i e d  
i n  two r e s p e c t s  from  t h a t  i n  C h a p te r  3*
(1 )  The s u p e r s c r i p t  a a  h a s  b e e n  o m it te d  and i s  t o  
be u n d e r s t o o d .
(2) The te rm  6 ? J2  i n  GNP r e l a t i o n  h a s  b e en
rmr e p l a c e d  by w here  t h e  s u p e r s c r i p t  n n  i n d i ­
c a t e s  sum m ation o v e r  n e a r e s t  n e ig h b o u r  a to m s .
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( v ) D iscuss ion  of Results  of ( iv )
For DME and DMSO the three contours described  
met at v i r t u a l ly  the same p o in t ,  but for  aq.EtOH the  
in te r s e c t io n  point was not c l e a r ly  def ined .  A lso ,  the  
Q, C and D values for the three so lven ts  were d i f f e r e n t .
The d i f f er en ce  between the Q, C and D s e t s  i s  
due, at l e a s t  in part ,  to  the assumption that  the obser­
ved change in coupling constants with so lvent  can be 
reproduced- simply by adjusting the UQ and values
only.
( v i ) Apparent Anomolies in  SCF Parameter Values
As the IT and U , \ values  for PESO and ASQ o c Co) y "
were made deeper a d i s c o n t in u i ty  in the ca lcu lated  spin
d e n s i t i e s  was noted. This may be understood as a r is in g
from interchange between the lowest unoccupied and the
h ighest  occupied MOs for the o f  a n d / o r ^  e lec tr o n s  as
the U and U , N values are var ied .  I t  i s  wondered o c (o)
whether under su i tab ly  extreme condit ions  t h i s  s i tu a t io n
could be re a l i s e d  in p ract ice  with the r e su l t in g  marked
change in the ESR spectra of these  r a d ic a l s ,
Such an explanation i s  a l s o  app licab le  to  the'
observation by Land and P i la r  (187)  that  in P-method
c a lc u la t io n s  on furan the charge d en s i ty  of the oxygen
atom does not change in  a smooth manner with v a r ia t io n
in  the U va lue .  They accredited t h i s  phenomenal to  o
an anomoly in  the parameter v a lu es ,  but no in te r p r e ta -
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t i o n  was o f f e r e d ,
( v i i )  Conclusion
The poor r e s u l t s  presented in t h i s  chapter are 
not regarded as r e su l t in g  from inadequacies in the method 
of ca lcu la t in g  spin d e n s i t i e s  or in  the CB and GNP r e l a ­
t io n s  but rather that they a r i s e  from the d i f f i c u l t y  in  
incorporating the so lvent  e f f e c t  on semiquinones in to  
the spin dens ity  c a l c u la t i o n s .  The in c lu s io n  of the s o l ­
vent e f f e c t  by varying the UQ and values  i s  a crude
c=o ***
values  at l e a s t  should be re -ad justed .
The i m p l i c i t  a s s u m p t io n  has  b e e n  made t h a t  t h e  
CB and GNP r e l a t i o n s  would l e a d  t o  r e s u l t s  i n  e q u i v a l e n t  
a g re e m e n t  w i t h  e x p e r i m e n t .  T h i s  i s  t h e  c a s e  f o r  a ro m a ­
t i c  h y d r o c a r b o n s  w h e th e r  t h e  HMO (69? 7 0 ) ? McLachlan 
(188)  o r  t h e  Amos and S nyder  (88)  m ethods  a r e  u s e d .
Although approximate values of the para­
meters may seemingly be obtained by c a lc u la t io n s  of TT IPs 
assuming Koopman's theorem i t  i s  the r e l a t i v e  values of  
these  parameters which determine the spin d e n s i t i e s  and 
no other experimental observable is.known by which we 
may obtain these  r e l a t i v e  va lues .  A lso ,  i t  has had to  
be assumed that the^ /6^  a n d ^ ^ ,  values  found applicab le  
for  the ca lc u la t io n  of exc ited  s ta te  energ ies  are s u i t ­
able for  the ground s ta te  property of spin d e n s i t i e s .
I t  may be that these  values need to  be known with greater
approximation on the proposed model s ince  the / 3
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p rec is io n  for spin density  c a l c u la t i o n s ,  although t h i s  i s
u n l ik e ly ,  or that  the values applicab le  for the calculation,  
of exc ited  s ta te  energies  are corporate terms in vo lv in g ,  
in  an approximate manner, a correct ion  for the n eg lec t  of  
doubly exc ited  conf igurations  say*
lone pair o r b i ta l  had been included in the spin dens ity  
ca lcu la t io n s*  However, these  o r b i ta l s  would a f f e c t  the
t ing  correct ion  t o  the r e s u l t s  presented here would be 
small .
culated for  the carbon atom l i e s  in  t h e i r  -system whereas 
the measured observable,  the coupling constant ,  i s  depen­
dant on the spin d en s i ty  at the adjacent proton. The 
v a l i d i t y  of the various MO parameters can only be assessed  
in  t h e i r  g iv ing r i s e  to  spin d e n s i t i e s  which co r re la te  with 
the experimental coupling constants .
further  r e la t io n  to  bridge the gap between experiment and 
c a lc u la t io n  involv ing the use of more parameters which 
n e c e s s a r i ly  makes the search for the MO parameter values  
much more d i f f i c u l t .
B e t ter  agreement might have been obtained i f  the
spin d e n s i t i e s  only through the term and the resu l-
The rea l  problem i s  that  the spin d en s i ty  c a l -
Unfortunately t h i s  e n t a i l s  the in troduct ion  of a
16b
1 0 .2  E l e c t r o n  Sp i n  Resonance  S t u d i e _s
The ESR s p e c t r o m e t e r  u se d  was t h e  H i l g e r  and 
W a t t s  M i c r o s p i n  and was o p e r a t e d  a t  X-band f r e q u e n c i e s .
The f o r m a t i o n  o f  a wide ra n g e  of  s e m iq u in o n e s  
and r a d i c a l  a n i o n s  o f  h y d r o x y - q u i n o n e s  f o r  ESR s t u d i e s  
was a t t e m p t e d  by t h e  f o l l o w i n g  t h r e e  m e th o d s .
( i )  C hem ica l  F o r m a t io n
( i i )  I n t r a - M u r o s  E l e c t r o c h e m i c a l  G e n e r a t i o n
(a )  D e -O x y g e n a t io n  w i t h  N i t r o g e n  Gas
(b)  Vacuum C e l l
( i i i )  Vacuum M a c r o - E l e c t r o l y s i s .
( i ) C hem ica l  F o r m a t io n
The ESR s p e c t r a  o f  f r e e  r a d i c a l s  c h e m i c a l l y  p r e ­
p a re d  from j u g l o n e ,  q u i n i z a r i n  and a l i z a r i n  have been  
o b t a i n e d  ( 1 8 3 ) .  The h y d r o x y l  p r o t o n s  were  removed i n  
t h i s  method which  i s  t h e r e f o r e  u n s u i t a b l e  f o r  t h e  p r e ­
s e n t  p u r p o s e s  a s  i t  i s  t h e s e  v e ry  p r o t o n s  w h ich  a r e  o f  most 
i n t e r e s t .
Two m ethods  f o r  t h e  f o r m a t i o n  o f  t h e  a n io n  r a d i ­
c a l  o f  n a p h t h a z a r i n  have p r e v i o u s l y  b e e n  r e p o r t e d .  The 
f i r s t  o f  t h e s e  (191)  i n v o lv e d  a i r  o x i d a t i o n  of  an a l k a l i n e  
a q u eo us  or  a l k a l i n e  e t h a n o l i c  s o l u t i o n  o f  l a b s 5 » 8 - t e t r a -  - 
h y d r o x y - n a p h t h a l e n e  and t h e  second (192)  i n v o lv e d  c o n t r o l ­
l e d  p o t e n t i a l  e l e c t r o l y t i c  r e d u c t i o n  o f  n a p h t h a z a r i n  i n  
DMF. Almost  i d e n t i c a l  w e l l  r e s o l v e d  s p e c t r a  w e r e ' o b ta in e d  
i n  e a c h  c a s e ,  t h e  c o u p l i n g  c o n s t a n t s  b e in g  2 .3 6  and 0 . 5 9
16?
(191) and 2,'If3 and 0* ?1 ( 1 9 2 ) ? a l l  i n  gauss, ,
The c h e m ic a l  method has  t h e  d i s a d v a n t a g e  t h a t  
p o l y - h y d r o x y  a r o m a t i c  h y d r o c a r b o n s  would be r e q u i r e d 9 
b u t  t h e s e  a r e  g e n e r a l l y  n o t  c o m m e r c ia l ly  a v a i l a b l e  and 
a r e  d i f f i c u l t  t o  s y n t h e s i s e .  An e x c e p t i o n  i s  I s h s 9 s l 0 -  
t e t r a - h y d r o x y - a n t h r a c e n e  w h ich  gave (191)  t h e  a n io n  
r a d i c a l  o f  q u i n i z a r i n .  I t  was f e l t  t h a t  a s i m p le  
c h e m ic a l  method was r e q u i r e d  t o  fo rm  t h e  r a d i c a l  a n i o n s  
d i r e c t l y  f rom t h e - h y d r o x y - q u i r i o n e s , and i n  t h i s  c o n ­
n e c t i o n  a s u i t a b l e  b a s i c  medium was s o u g h t .
I n v e s t i g a t i o n  of  some h y d r o x y - q u i n o n e s  i n  
a q u eo u s  a l k a l i  d id  n o t  r e s u l t  i n  f r e e  r a d i c a l  f o r m a t i o n .  
In  p a r t i c u l a r  n a p h t h a z a r i n  gave  a d i a m a g n e t i c  
p r e c i p i t a t e .  T h i s  l a c k  o f  s u c c e s s  may w e l l  be due t o  a 
n e c e s s i t y  f o r  v e ry  p r e c i s e  pH a d j u s t m e n t  s i n c e . i t  was 
p o i n t e d  ou t  (191)  t h a t  t h e  f o r m a t i o n  o f  t h e  a n io n  
r a d i c a l  o f  n a p h t h a z a r i n  depended  q u i t e  c r i t i c a l l y  on 
t h e  c o n c e n t r a t i o n  of  b a s e .
A s a t u r a t e d  s o l u t i o n  of  n a p h t h a z a r i n  i n  0«880 
ammonia r e s u l t e d  i n  a deep  p u r p l e  c o l o u r a t i o n ? t h e  s o l u ­
t i o n .  g i v i n g  an i n t e n s e  ESR s p e c t r u m  ( f i g .  1 0 . 1 ) .  T h is  
sp e c t r u m  c o n s i s t s  of  f i v e  s e t s  o f  t r i p l e t s  w i t h  a s e p a ­
r a t i o n  o f  2 ,3 7 ^  0 .0 6  g a u s s  b e tw ee n  them and. w i t h  r e l a ­
t i v e  a m p l i t u d e s  a p p r o x i m a t e l y  IsH-s 6 s ^ s l 0 The l i n e s  o f  
t h e  t r i p l e t s  a r e  spaced  0 . 60^ 0.0*+ g a u s s  a p a r t  w i t h  t h e  
r e l a t i v e  a m p l i t u d e s  a p p r o x i m a t e l y  l s 2 s l .  T h ere  seems
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l i t t l e  d o u b t  t h a t  t h e  t r i p l e t s  may-be a s s i n g e d  t o .  t h e  
" h y d r o x y l 11 p r o t o n s  and t h a t  t h e  f i v e  l i n e  s t r u c t u r e  
w i t h  a b i n o m i a l  d i s t r i b u t i o n  of  i n t e n s i t i e s  may be a s s i g ­
ned t o  t h e  f o u r  r i n g  p r o t o n s .  T h i s  s u g g e s t s  t h a t  t h e  anion 
r a d i c a l  h a s  a t im e  a v e ra g e d  D2^ symmetry ( f i g .  2 ) .  T h i s  
sp e c t r u m  i s  c o m p arab le  b o t h  i n  t e r m s  o f  r e l a t i v e  a m p l i ­
t u d e s  and c o u p l i n g  c o n s t a n t s  w i t h  t h e  s p e c t r a  o b t a i n e d  
i n  t h e  r e f e r e n c e s  c i t e d .
W ith  1 2if s 5% 8 - t e t r a - h y d r o x y n a p h t h a l e n e  i n  a l k a l i n e  
D^O d e u t e r i u m  s p l i t t i n g s  were  o b se rv ed  (191)  g i v i n g  a 
second s e t  o f  q u i n t e t s  o f  r e l a t i v e  a m p l i t u d e s  l ? 2 ? 3 » 2 s l  
a t  0 .0 7 9  g a u s s  a p a r t  i n  p l a c e  o f  t h e  t r i p l e t s .  I n  t h e  
p r e s e n t  work t h e  u s e  o f  d e u t e r a t e d  ammonia i n  p l a c e  of  
0 .8 8 0  ammonia r e s u l t e d  i n  a s i n g l e  q u i n t e t  o f  b ro a d  
l i n e s  w i t h  component  s e p a r a t i o n s  o f  2 *27± 0 .0 5  g a u s s .
T h i s  b r o a d n e s s  i s  due t o  t h e  f i v e  u n r e s o l v e d  d e u t e r i u m  
c o m p o n e n ts ,  t h e i r  c o u p l i n g  c o n s t a n t s  b e in g  l e s s  t h a n  
t h e  o b s e rv e d  l i n e  w i d t h s  o f  t h e  t r i p l e t s  i n  t h e  s p e c t r u m  
of  t h e  p r o t o n a t e d  s p e c i e s .  T h i s  l a c k  o f  r e s o l u t i o n  wa'S 
a l s o  o b se rv e d  i n  t h e  e l e c t r o c h e m i c a l  method (192)  where
D^O was added t o  t h e  s o l u t i o n  o f  r a d i c a l  i n  DMF,
The mechanism o f  r a d i c a l  f o r m a t i o n  i s  i n  d o u b t  
and d e s e r v e s  s p e c i a l  i n v e s t i g a t i o n .  From t h e  a b s e n c e  
o f  s p l i t t i n g  i t  i s  a p p a r e n t  t h a t  r a d i c a l  f o r m a t i o n
d o e s  n o t  depend on t h e  p r e s e n c e  o f  some s t a b l e  complex  
s p e c i e s  su c h  a s  an ammonium-anion r a d i c a l  i o n  p a i r .
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f i g . l .  F i r s t  D e r i v a t i v e  ESR f i g . 2 .  A nion  R a d i c a l  ©f
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I t  i s b e l i e v e d  t h a t  i t  would be p r o f i t a b l e  t o
i n v e s t i g a t e  t h e  e f f e c t s  o f  p r e c i s e  a d ju s tm e n t  ©f pH i n  /\
/
a q u e o u s  a l k a l i n e  and a l k a l i n e  e t h a n o l i c  s o l u t i o n s  @f t h e  / 
h y d ro x y - q u in o n e s  and t h e  u s e  ©f o t h e r  b a s i c  s o l v e n t s  su c h  
a s  p y r i d i n e .  H ow ever, a p p l i c a t i o n  o f  t h e s e  s u g g e s t i o n s  
t o  o t h e r  h y d r o x y - q u in o n e s  h a s  n o t  b e e n  e x t e n s i v e l y  a t t e m p -  ^ 
t e d > and i n  t h o s e  c a s e s  w here  t h e y  have  b e e n  a p p l i e d  have  \ 
p ro v ed  u n s u c c e s s f u l .  I t  i s  n o t  t o  be  c o n c lu d e d  t h a t  t h e s e  / 
s u g g e s t i o n s  a r e  v a l u e l e s s  b u t  s im p ly  t h a t  t h e i r  s u c c e s s ­
f u l  a p p l i c a t i o n  may w e l l  p ro v e  t©  be  d i f f i c u l t .
: . : .  ■ : . ' ■. • ,■ ' : ; '  . ’ ■ ■ ■  \
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( l i )  I n t r a-Muros E l e c t r o c h e m ic a l  G e n e r a t i o n
(a )  De-Oxyg en a t i o n  w i t h  N i t r o g e n  Gas 
The a p p a r a t u s  used  was e s s e n t i a l l y  t h a t  o f  
Geske and Maki (193)  e x c e p t  t h a t  a Ag/AgCl c o i l  was u sed  
a s  t h e  r e f e r e n c e  e l e c t r o d e  i n  t h i s  work .  A s o l u t i o n  
a p p r o x i m a t e l y  ImM i n  t h e  q u in o ne  and 0.1M i n  Et^NClO^ 
was made up i n  d r i e d  DMF ( s e e  C h a p t e r  5 ) .  N i t r o g e n  g a s  
was p a s s e d  t h r o u g h  t h e  s o l u t i o n  i n  t h e  ESR c a v i t y  f o r  
20 m in u te s  and was t h e n  p a s s e d  o v e r  t h e  s o l u t i o n  s u r f a c e  
d u r i n g  t h e  e l e c t r o l y s i s .  The g a s  was o b t a i n e d  from b o t h  
a w h i t e  s p o t  c y l i n d e r  and by t h e  e v a p o r a t i o n  of  l i q u i d  
n i t r o g e n  (19*0 h u t  no d i f f e r e n c e s  i n  t h e  ESR s p e c t r a  
were  o b s e r v e d .
The Ag/AgCl e lec trod e  was shown to  g ive  a fa i r ly  
constant p o te n t ia l  in  DMF, and while not s u f f i c i e n t l y  
constant for polarographic purposes i t  was su i ta b le  for  
use In the e l e c t r o l y s i s  c e l l .  The p o te n t ia l  applied to  
the mercury cathode was corrected by -0.3V to  tra n sfer  
the polarographic p o te n t ia l s  onto the new reference sca le .  • 
Extensive work with a wide range of hydroxy- 
quinones gave poorly resolved spectra .  While semi- 
quin ones have been shown to  be s tab le  when generated  
by t h i s  method (1^1) t h i s  r e s u l t  has not, as yet,  been 
demonstrated for  the anion ra d ic a ls  of hydroxy-quinones.
To help avoid the p o ss ib le  cause of poor r e so lu t io n  
a r is in g  from the presence of secondary free  ra d ic a ls  the
f o l l o w i n g  vacuum i n t r a - m u r o s  a l l  was u s e d .
( b ) Vacuum C e l l
DMF, s a t u r a t e d  w i t h  9 s 1 0 - a n t h r a q u i n o n e ? was 
pumped o f f  s e v e r a l  t im e s  and t h e n  scavenged  by e l e c t r o l y ­
s i s  o f  t h e  qu in o ne  b e tw een  l a r g e  Ag p l a t e s .  The DMF 
was t h e n  vacuum d i s t i l l e d  i n t o  a f u r t h e r  c e l l  c o n t a i n i n g  
t h e  r e d u c i b l e  compound and Et^NClO^. T h i s  c e l l  and t h e  
e l e c t r o l y s i s  c e l l  were a c o m p le te  u n i t  and were  i s o l a t e d  
f rom t h e  main l i n e  w h i l e  s t i l l  r e t a i n i n g  vacuum. The 
e l e c t r o l y s i s  c e l l  was i d e n t i c a l  t o  t h a t  u sed  p r e v i o u s l y  
e x c e p t  t h a t  t h e  Ag/AgCl e l e c t r o d e  was s p o t  welded t o  P t  
w h ich  was t h e n  s e a l e d  i n t o  t h e  g l a s s .  The s o l u t i o n  was 
t i p p e d  i n t o  t h e  e l e c t r o l y s i s  c e l l  and e l e c t r o l y s e d .
The s p e c t r a  were b e t t e r  r e s o l v e d  t h a n  b e f o r e  
b u t  were s t i l l  n o t  s a t i s f a c t o r y .  T h i s  l a c k  o f  r e s o l u t i o n  
was due n e i t h e r  t o  microwave power b r o a d e n i n g  n o r  t o  • 
m o d u l a t i o n  b r o a d e n i n g .  I t  seemed l i k e l y  t h a t  exchange  
b r o a d e n i n g  b e tw e e n  t h e  f r e e  r a d i c a l  and u n r e d u c e d  m o le ­
c u l e  was o c c u r r i n g  i n  s p i t e  o f  t h e  s u g g e s t i o n  by Geske 
e t  a l  (195)  t o  t h e  c o n t r a r y .  The p o s s i b i l i t y  o f  c o m p le te  
e l e c t r o l y s i s  i n  t h i s  t y p e  o f  c e l l  was o u t  o f  t h e  q u e s t i o n  
s i n c e  t h i s  would have  t a k e n  d a y s  t o  a c c o m p l i s h .  A l s o ,  
t h e  c o n c e n t r a t i o n  o f  t h e  q u in o n e  co u ld  n o t  be much s m a l l e r  
s i n c e  t h i s  would have r e s u l t e d  i n  i n  a d e q u a t e l y  low s i g ­
n a l  s t r e n g t h s .  F u r t h e r ,  a s  a m e t a l  e l e c t r o d e  c o n n e c t i o n  
was n e c e s s a r y  f o r  t h e  Hg c a t h o d e  t h e  d i a m e t e r  o f  t h e  c e l l  
was q u i t e  l a r g e  ( > 0 . 3 cm) .  T h i s  had t h e  e f f e c t  o f  t h e
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p o l a r  DMF g r e a t l y  a t t e n u a t i n g  t h e  i n c i d e n t  m ic rowaves  
accompanied  by g r e a t l y  d e c r e a s e d  s e n s i t i v i t y  ( c a v i t y  
mode Hq-q ) .
To e f f e c t  c o m p le te  e l e c t r o l y s i s  o f  t h e  qu in o n e  
and t o  p r o v i d e  a n a r ro w  t u b e  f o r  t h e  f r e e  r a d i c a l  t h e  
f o l l o w i n g  vacuum m a c r o - e l e c t r o l y t i c  c e l l  was u s e d .
( i i i ) Vacuum M a c r o - E l e c t r o l y s i s
The d e s i g n  o f  t h i s  c e l l  ( f i g #  10#3)  i s ,  i n  p r i n ­
c i p l e ,  t h a t  o f  B o l t o n  and F r a e n k e l  (1 86 )  where  t h e  h i g h  
s t a b i l i t y  o f  s e m iq u in o n e s  was n o t e d .  I n i t i a l l y  t h e  
c a t h o d e  was a m ercu ry  p o o l .  However,  i t  was found t h a t  
t h e  a n i o n  r a d i c a l s  o f  h y d r o x y - q u i n o n e s  a d h e r e d  t o  t h e  
m erc u ry  s u r f a c e  and i t  was n o t  c o n v e n i e n t  t o  u s e  a 
s t i r r e r .
The o p e r a t i n g  p r o c e d u r e  was a s  f o l l o w s s -
(1 )  The DMF was s t o r e d  i n  c e l l  A. A f t e r  pum­
p in g  o f f  s e v e r a l  t i m e s  t h e  DMF was d i s t i l l e d  i n t o  c e l l  
B w h ich  c o n t a i n e d  t h e  r e d u c i b l e  compound and Et^NClO^.
(2 )  S u f f i c i e n t  s o l u t i o n  was t h e n  t i p p e d  i n t o  
c e l l  C t o  c o v e r  t h e  P t  anode*
(3 )  E l e c t r o l y s i s  was c a r r i e d  ou t  b e tw e e n  t h e  
P t  c a t h o d e  and a n o d e ,  t h e  p o t e n t i a l  a t  t h e  c a t h o d e  b e in g  
m o n i to r e d  w i t h  a v a l v e  v o l t m e t e r  a p p l i e d  a c r o s s  t h e  P t  
c a t h o d e  and t h e  Ag/AgCl r e f e r e n c e  e l e c t r o d e .
OO A f t e r  c o m p le te  e l e c t r o l y s i s ,  w h ich  u s u a l l y  
t o o k  1 - 2  h o u r s ,  t h e  r e s u l t i n g  f r e e  r a d i c a l  s o l u t i o n  was 
t i p p e d  i n t o  c e l l  D.
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f i g *  10 * 3 •  Vacuum M a c r o - E l e c t r o l y t i c  C e l l  f o r  t h e  G e n e r a t io n  
o f  F ree  R a d ic a l s
to Ptram
^  2 - v a u  t a p s
a r t ' K s  A
Pt anode
s t a t e f  «d  
d i s c  t a )
s o l v e ^ r
Pt caHvsde
to t r a p  cmd 
>  p u n \ p
c o m p ^ u ^ ^  c m d  
t l a c h r t f l y l - f c
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(5 )  T h i s  c e l l  was t h e n  i s o l a t e d  from t h e  main 
l i n e  u s i n g  t h e  F i s c h e r - P o r t e r  1mm n e e d l e  v a l v e .  The s o l u ­
t i o n  o f  f r e e  r a d i c a l  was f r o z e n ,  pumped o f f  t h r o u g h  F and 
t h e n  s e a l e d  o f f  a t  t h e  c o n s t r i c t i o n  G.
(6 )  The c o n c e n t r a t i o n  of  f r e e  r a d i c a l  was 
v a r i e d  by d i s t i l l a t i o n  b e tw ee n  E and D,
The ESR s p e c t r a  o b t a i n e d  were  v e r y  d i s a p p o i n t i n g  
i n  t h e i r  p o o r  r e s o lu t io n „ P B S Q  gave  a w e l l  r e s o l v e d  b u t  
u n s y m m e t r i c a l  s p e c t r u m .  T h i s  was u n d o u b t e d l y  an i n s t r u ­
m e n ta l  e f f e c t  b u t  was n o t  v e r i f i e d .  As b e f o r e  t h e  c a u se  
o f  t h i s  p o o r  r e s o l u t i o n  d id  n o t  l i e  i n  microwave power 
o r  m o d u la t i o n  b r o a d e n i n g .  A l s o ,  v a r y i n g  t h e  f r e e  r a d i c a l  
c o n c e n t r a t i o n  d id  n o t  o f f e r  v e r y  marked im pro vem en t ,
( i v ) C o n c l u s i o n
The MO m ethods  i n  t h i s  work show t h a t  t h e  m a jo r
p a r t  o f  t h e  s p i n  d e n s i t y  o r  u n p a i r e d  e l e c t r o n  d e n s i t y  o f
se m iq u in o n e s  and t h e  a n i o n  r a d i c a l s  o f  h y d r o x y - q u i n o n e s
l i e s  on t h e  c a r b o n y l  and h y d r o x y l  g r o u p s .  U n l e s s  t h e s e
13 17g r o u p s  a r e  e n r i c h e d  i n  and f 0 t h i s  s p i n  d e n s i t y  
d o e s  n o t  g i v e  r i s e  t o  h f s .  The o b s e r v e d  s p l i t t i n g s  due 
t o  t h e  r i n g  p r o t o n s  (and p e r h a p s  t h e  h y d r o x y l  p r o t o n s )  
a r e  s u b s e q u e n t l y  s m a l l ,  w i t h  t h e  s p e c t r a  o f  o v e r a l l  
w i d t h  1 ^ -2 0  g a u s s .  T h e r e f o r e ,  t h e  c a u s e  of  l i n e  b r o a d ­
e n in g  need  n o t  g i v e  a l a r g e  e f f e c t  f o r  t h e  o b s e r v a t i o n  
o f  p o o r l y  r e s o l v e d  s p e c t r a .
The c a u s e  of  t h e  p o o r l y  r e s o l v e d  s p e c t r a  has
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n o t  b e e n  e s t a b l i s h e d . ,  I t  i s  f e l t  t h a t  t h i s  may be  due 
t o  exchange b r o a d e n i n g  b e tw een  r a d i c a l s  a n d / o r  t h e  fo rm a ­
t i o n  o f  some r a d i c a l - e l e c t r o l y t e  c a t i o n  i o n  p a i r  w i t h  
e l e c t r o n  d e l o c a l i z a t i o n  o n to  t h e  c a t i o n ,  b u t  no s t e p s  were 
t a k e n  t o  v e r i f y  t h e s e  s u g g e s t i o n s .
I t  i s  q u i t e  a p p a r e n t  t h a t  w h i l e  t h e  e l e c t r o ­
c h e m ic a l  method o f  fo rm in g  f r e e  r a d i c a l s  i s  e x t r e m e l y  
e l e g a n t  i t  i s  a f a r  from e a s y  p r a c t i c a l  t e c h n i q u e .
1 7 b
CHAPTER 11
TRANSFERABILITY OF PARAMETER VALUES IN 
MO METHODS
1 1 ,1  I n t r o d u c t i o n
The a s s u m p t io n  t h a t  t h e  “b e s t  p a r a m e t e r  v a l u e s  
a r e  t h o s e  which  g i v e  t h e  b e s t  a g re e m e n t  b e tw ee n  c a l c u l a ­
t i o n  and e x p e r i m e n t a l  o b s e r v a b l e s  i s  on ly  v a l i d  i f  t h e s e  
v a l u e s  a r e  s u i t a b l e  f o r  a wide  r a n g e  of  compounds and f o r  
d i f f e r e n t  t y p e s  of  e x p e r i m e n t a l  d a t a .  I n  view of t h e  
number of  a p p r o x i m a t i o n s  w h ich  have  b e e n  made n e c e s s a r y  
f o r  t h e  e a s e  of  a p p l i c a t i o n  o f  t h e s e  MO m ethods  i t  Hay 
be f e l t  t h a t  no u n i q u e ,  n o r  i n d e e d  a n y ,  s e t  o f  v a l u e s ,  
e x i s t  w hich  w i l l  p r o v i d e  t h e  hoped f o r  c o r r e l a t i o n .  
However,  t h e  d i f f e r e n t  exper im enta l  o b s e r v a b l e s  t e n d  t o  
be  s e n s i t i v e  t o  d i f f e r e n t  p a r a m e t e r s  a s  d i s c u s s e d  i n  
s e c t i o n  11.3#
We may u s u a l l y  r e g a r d  t h e  e x p e r i m e n t a l  o b s e r v a ­
b l e s  a s  d e p e n d in g  e s s e n t i a l l y  on e i t h e r  t h e  MOs o r  on 
t h e  c a l c u l a t e d  e n e r g i e s .  The c a l c u l a t e d  e n e r g i e s  may be  
d i r e c t l y  e q u a te d  t o  t h e  o b se rv ed  e l e c t r o n i c  s p e c t r a l  
e n e r g i e s  and I P s .  The b a s i s  o r b i t a l  c o e f f i c i e n t s  i n  t h e  
MOs d e t e r m i n e  b o t h  t h e  t r a n s i t i o n  d i p o l e  moments and t h e  
s p i n  d e n s i t i e s *  The c o r r e l a t i o n  o f  s p i n  d e n s i t i e s  w i t h  
t h e  e x p e r i m e n t a l  o b s e r v a b l e ,  t h e  c o u p l i n g  c o n s t a n t ,  
r e q u i r e s  a ’’b r i d g e 1’ be tw ee n  them  w h e re a s  t h e  c o r r e l a t i o n
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b e tw e e n  e x p e r i m e n t a l  and c a l c u l a t e d  t r a n s i t i o n  d i p o l e  
moments i s  d i r e c t *  The c o r r e l a t i o n  f o r  o s c i l l a t o r  
s t r e n g t h s  i s  a l s o  d i r e c t  h u t  t h e s e  depend on h o t h  t h e  b a ­
s i s  o r b i t a l  c o e f f i c i e n t s  and t h e  c a l c u l a t e d  s t a t e  e n e r ­
g i e s .  I n  t h i s  c a s e  i t  would be d i f f i c u l t  t o  say  where  
t h e  c a u se  of  p o o r  ag re em e n t  b e tw ee n  c a l c u l a t i o n  and 
e x p e r im e n t  l a y .  Of t h e  compounds i n  t h i s  work e x p e r im e n ­
t a l  o s c i l l a t o r  s t r e n g t h s  a r e  known on ly  f o r  b e n z a ld e h y d e  
and o - b e n z o q u in o n e .  F u r t h e r ? t h e  c o r r e l a t i o n  b e tw ee n  
c a l c u l a t e d  and e x p e r i m e n t a l  o s c i l l a t o r  s t r e n g t h s  i s  
known t o  be g e n e r a l l y  p o o r .  On t h e s e  g r o u n d s  t h e  d i s c u s s  
s i o n  o f  o s c i l l a t o r  s t r e n g t h s  and t r a n s i t i o n  d i p o l e  mo­
m en ts  w i l l  be t e r m i n a t e d .
A d i s t i n c t i o n  may be made b e tw e e n  t h e  q u a l i t y  
o f  MOs and c a l c u l a t e d  e n e r g i e s  a r i s i n g  f rom  t h e  same 
c a l c u l a t i o n .  The HMO and SCF m ethods  employ t h e  V a r i a t i o n  
P r i n c i p l e  w hich  d e p e n d s  on e n e rg y  m i n i m i s a t i o n .  Thus 
i t  would be e x p e c te d  t h a t  t h e  c o r r e l a t i o n  w i t h  e n e rg y  
d a t a  would be b e t t e r  t h a n  t h a t  w i t h  d a t a  d e p e n d e n t  on t h e  
MO. T h i s  may be made c l e a r e r  by r e c a l l i n g  t h a t  HMOs 
would g i v e  c a l c u l a t e d  e x c i t a t i o n  e n e r g i e s  a lm o s t  a s  good 
a s  t h o s e  g i v e n  by t h e  p r e s e n t  P-method p r o v i d i n g  t h a t
a l l  t h e  f  ( r  ^  s )  t e r m s  a r e  i n c l u d e d .  Any d e f i c i e n c i e s ‘ r s
i n  t h e  HMOs a r e  com pensa ted  by t h e  i n c l u s i o n  o f  t h e s e
l a t t e r  Cl t e r m s .
I t  i s  a p p a r e n t  t h a t  t h e  f o l l o w i n g  d i s c u s s i o n
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o f  t h e  d e p en d a n ce  o f  t h e  d i f f e r e n t  t y p e s  o f  e x p e r i m e n t a l  
o b s e r v a b l e  on t h e  v a l u e s  of  t h e  one and two c e n t r e  p a r a ­
m e t e r s  may e q u a l l y  w e l l  be r e g a r d e d  a s  a  d i s c u s s i o n  o f  
t h e  s e p a r a t e  de p en d a n ce  of  t h e  MOs and c a l c u l a t e d  e n e r ­
g i e s  on t h e s e  v a l u e s .
I t  may be p o i n t e d  ou t  t h a t  a f u r t h e r  e x p e r i m e n t a l  
o b s e r v a b l e  d e p e n d in g  s o l e l y  on t h e  MO i s  t h e  d i p o l e  moment. 
However,  t h e s e  have n o t  b e e n  c a l c u l a t e d  i n  t h i s  work a s  
t h e y  a r e  known t o  be  i n a d e q u a t e  a s  a s e n s i t i v e  t e s t  o f  
t h e  q u a l i t y  o f  MOs. T h i s  a r i s e s ,  f o r  ex am p le ,  f rom  t h e  
i n t r o d u c t i o n  o f  an a r b i t r a r y  c o n t r i b u t i o n  from  t h e  and 
t h e  l o n e  p a i r  e l e c t r o n s  t o  t h e  c a l c u l a t e d  d i p o l e  moment 
o r  s im p ly  from t h e  n e g l e c t  o f  t h e s e  c o n t r i b u t i o n s .
1 1 . 2  HMO Method
The t r a n s f e r a b i l i t y  o f  p a r a m e t e r  v a l u e s  i n  t h e  
HMO method h a s  n o t  b e e n  f i r m l y  e s t a b l i s h e d  i n  t h i s -  w ork .  
The t r a n s f e r a b i l i t y  a p p e a r s  t o  be  v a l i d  f o r  e i t h e r  t h e  
o - q u i n o n e s  o r  t h e  p - q u i n o n e s  and t h e i r  non H-bended  d e r i ­
v a t i v e s  b u t  n o t  f o r  bo th #  T h i s  d i s c r e p a n c y  i s  b e l i e v e d  
t o  l i e  i n  the  a p p r o x im a te  n a t u r e  o f  t h e  HMO method#
T ha t  t h e  p a r a m e t e r  v a l u e s  f o r  t h e  H-bonded h y d r o x y -  
q u in o n e s  a r e  n o t  t r a n s f e r a b l e  i s  n o t  r e g a r d e d  a s  a p o o r  
c h o i c e  f o r  t h e s e  v a l u e s  b u t  r a t h e r  t h a t  t h e  i n t e r p r e t  
t a t i o n  o f  t h e  e x p e r i m e n t a l  r e s u l t s  i n  t e r m s  o f  a s im p le  
one e l e c t r o n  a d d i t i o n  i s  i n c o r r e c t  ( s e e  C h a p t e r  6 ) ,
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11*3 SCF Method
( i )  General
(a) One Centre Care In teg ra ls  ILf
The c a l c u l a t e d T T  — e l e c t r o n i c  t r a n s i t i o n  
e n e r g i e s  o f  c o n j u g a t e d  h y d r o c a r b o n s  a r e  i n d e p e n d e n t  o f  
t h e  Uc v a l u e s  i f  t h e s e  v a l u e s  a r e  t a k e n  a s  c o n s t a n t  f o r  
e a c h  c a rb o n  a tom. T h i s  c o n s t a n c y  c a n n o t  be assumed f o r  
o f  c o n j u g a t e d  c a r b o n y l  compounds b u t  t h e  g e n e r a l  s t a t e m e n t  
may be made t h a t  t h e  c a l c u l a t e d T T  ~^TT t r a n s i t i o n  e n e r ­
g i e s  t e n d  t o  be i n s e n s i t i v e  t o  t h e  v a l u e s .  T h i s  
a r i s e s  f rom any change  i n  t h e s e  p a r a m e t e r  v a l u e s  d i s p l a c i n g  
t h e  MO e n e r g i e s  by amounts  t e n d i n g  t o  be o f  t h e  same 
o r d e r  and i n  t h e  same d i r e c t i o n .  W hile  t h e  c o e f f i c i e n t s  
o f  t h e  b a s i s  f u n c t i o n s  i n  t h e  MOs w i l l  be  changed t h e i r  
e f f e c t  on t h e  i n t e r a c t i o n  t e r m s  o f  t h e  Cl  m a t r i c e s  w i l l  
g e n e r a l l y  be  u n i m p o r t a n t  f o r  s m a l l  c h a n g e s  o f  .  The 
MO e n e r g i e s ,  and hence  t h e  c a l c u l a t e d  TT I P s  (Koppmanis 
t h e o r e m ) ,  a r e  d e p e n d a n t  on t h e  o r d e r  o f  m a g n i tu d e  of  
t h e  U p v a l u e s ,  b u t  a r e  i n s e n s i t i v e  t o  t h e i r  r e l a t i v e  
v a l u e s .  T h a t  i s ,  a change  i n  U3 of  -h 0 . 5  eV and Uc o f  
- 0 . 3  eV, s a y ,  would a lm o s t  c e r t a i n l y  g i v e  c a l c u l a t e d  
T T I P s  o f  s i m i l a r  a g re em e n t  w i t h  e x p e r i m e n t .  However, 
by making such  c h a n g e s  t h e  whole  p a t t e r n  o f  s p i n  d e n ­
s i t i e s  would be m ark e d ly  a l t e r e d  a s  t h e y  a r e  v e r y  s e n ­
s i t i v e  t o  t h e  r e l a t i v e  v a l u e s  and n o t  t o  t h e i r  
o r d e r s  o f  m a g n i tu d e .  The u s e  o f  t h e  P-method a p p r o x i -
mat i o n  o f  g i v i n g  a c o n s t a n t  v a l u e  t o  IT was a d o p te d  by 
Amos and Sn yd e r  f o r  s p i n  d e n s i t y  c a l c u l a t i o n s .  From t h e  
f o r e g o i n g  comments i t  i s  t o  be  rem arked  t h a t  f o r  s p i n  
d e n s i t y  c a l c u l a t i o n s  t h e  q u a l i t y  o f  t h e  a p p r o x i m a t i o n  
i s  v e r y  much i n  d o u b t .
The n t r a n s i t i o n  e n e r g i e s  a r e  s e n s i t i v e  t o  
t h e  v a l u e  o f  Un + ^ nn and t o  t h e  v a l u e s  i n  t h e  
s y s t e m ,  a change  i n  t h e  f o r m e r  v a l u e  a f f e c t i n g  s o l e l y  
t h e  n  o r b i t a l  e n e r g y  and a change  i h  t h e  l a t t e r  v a l u e  
p r e d o m i n a n t l y  a f f e c t i n g  t h e  7 T * o r b i t a l  e n e r g y .  O b v io u s ly
t h e  n I P s  a r e  c r i t i c a l l y  d e p e n d a n t  on t h e  Un  + ^ nn v a l u e ,
( b ) Two C e n t r e  I n t e g r a l s  jR m u and Yaau
The a f f e c t  o f  t h e ^ ^ a n d  ^ a v v a l u e s  on the'TT— 
t r a n s i t i o n  e n e r g i e s  i s  marked s i n c e  n o t  o n ly  a r e  t h e  MO 
e n e r g i e s  a f f e c t e d  by t h e s e  v a l u e s  b u t  t h e  o c c u r r e n c e  o f  
t h e  t e r m s  i n  t h e  i n t e r c o n f i g u r a t i o n a l  and o f f  d i a g o ­
n a l  Cl  m a t r i x  e l e m e n t s  i s  v e r y  i m p o r t a n t .  A l s o ,  o f  
c o u r s e ,  t h e s e  p a r a m e t e r  v a l u e s  w i l l  a f f e c t  t h e  b a s i s  
f u n c t i o n  c o e f f i c i e n t s  i n  t h e  MOs and t h e s e  w i l l  o f  n e c e s ­
s i t y  a f f e c t  t h e  i n t e r a c t i o n  t e r m s  i n  t h e  C l  m a t r i x .  
However, t h i s  l a t t e r  p o i n t  i s  o f  s e c o n d a r y  i m p o r t a n c e  
a s  HMOs a r e  u s u a l l y  a f a i r  a p p r o x i m a t i o n  t o  SCF MOs,
F o r  t h e  c a l c u l a t i o n  o f  *tt I P s  t h e ^ ^ ^  and ^ ^ v a l u e s  a r e
i m p o r t a n t  b u t  n o t  c r i t i c a l l y  so s i n c e  t h e i r  e f f e c t  on 
t h e  h i g h e s t  o c cu p ied  MO t e n d s  t o  be  q u i t e  s m a l l .  The 
u s e  o f  HMOs i n  Cl  c a l c u l a t i o n s  o f  s p i n  d e n s i t i e s  i s
179
not unusual,  but for  the present method of c a lc u la t io n ,  
in  which s p in .d e n s i t i e s  are given by the d i f fe r en c e  
between two summations of the squares of b a s is  o rb ita l  
c o e f f i c i e n t s ,  i t  i s  obvious that  these  c o e f f i c i e n t s  
abe important. Thus spin d e n s i t i e s  are quite  s e n s i t i v e  
to  values of // ^ 4i,and
The nIPs are r e l a t i v e l y  in s e n s i t i v e  to  these  
parameter v a lu es ,  contrast ing with the n-^TT t r a n s i t io n  
energ ies  which are quite  c r i t i c a l l y  dependant on them. 
This l a t t e r  dependance occurs through the s e n s i t i v i t y  of 
the TT* MO energ ies  to  these  parameter v a lu es .  While 
the lowest unoccupied MO energy i s  not very s e n s i t i v e  
to  these  parameter values even a small change in t h i s  
energy w i l l  represent a large change in  the n-^TT3* 
t r a n s i t i o n  en er g ies .
( i i ) This Work
The t r a n s f e r a b i l i t y  of parameter values  w ithin  
molecules of the same geometry cannot be e s ta b l ish ed  in  
t h i s  work as the only molecules f a l l i n g  in t h i s  category  
are g lyoxa l  and a c r o le in ,  and as d iscussed  in  Chapter 
9 the assignment of the absorption bands of g lyo x a l  may 
conceivably be in co r rec t .
The apparent in a p p l i c a b i l i t y  of the Un +Ynn
Jtr
value for  ca lcu la t in g  n—^ TT t r a n s i t io n  energ ies  has 
been d iscussed  in Chapter 8 where i t  was t e n t a t i v e l y  
suggested that the poor agreement with experiment could
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e q u a l l y  w e l l  be due t o  u n c e r t a i n t y  i n  t h e  v a l u e s  o f  t h e
l o n e  p a i r  e l e c t r o n  r e p u l s i o n  i n t e g r a l s .
W ith  t h e  l i m i t a t i o n  imposed by t h e  u s e  o f  t h e
McConnell  r e l a t i o n  i n  t h e  d e t e r m i n a t i o n  o f  t h e  U ando
Uc ( 3 ) v a l u e s  t h e  r e s u l t s  o f  t h e  s p i n  d e n s i t y  c a l c u l a t i o n s  
a r e  a s  good a s  can  be e x p e c t e d .  The v a l i d i t y  of  t h e s e  
v a l u e s  a p p e a r s  t o  be s u b s t a n t i a t e d  by t h e i r  a p p l i c a b i l i t y  
t o  t h e  c a l c u l a t i o n  of  n r  I P s ,  p r o v i d i n g  Koopman’ s th e o r e m  
i s  v a l i d .  The s u i t a b i l i t y  o f  t h e s e  v a l u e s  fo r  t h e  c a l -  
c u l a t i o n  of  F T  t r a n s i t i o n  e n e r g i e s  was n o t  u n e x p e c ­
t e d  i n  v iew o f  t h e  s m a l l  d e p en d a n ce  of  t h e  l a t t e r  on 
t h e  f o r m e r .  T h e i r  s u i t a b i l i t y  f o r  t h e  c a l c u l a t i o n  o f  
n-VTT t r a n s i t i o n  e n e r g i e s  has  n o t  b e en  f i r m l y  e s t a b ­
l i s h e d
No d o u b t  i t  would have  b e e n  b e t t e r  i f  t h e  
v a l u e s  of  U and U_ / - \  had b e e n  d e t e r m i n e d  by u s e  o f0 C \ 0 J
t h e  CB and GNP r e l a t i o n s .  However,  t h e  r e s u l t s  o b t a i n e d  
f rom such  an a t t e m p t  were n o t  c o m p l e t e l y  u nam b ig uo u s .
I n  r e t r o s p e c t  i t  i s  f e l t  t h a t  t h e  p a r a m e t e r  f i t t i n g  
p r o c e d u r e  a d o p te d  was n o t  t h e  b e s t .  F o r  e a c h  d e t e r m i n a ­
t i o n  o f  U , U / s ,  Q, C and D i t  would have b e en  b e t t e r  i f
0  C \  0  j
an  optimum s e t  o f  v a l u e s  had b e en  o b t a i n e d .  T h a t  i s ,
a s e t  of  v a l u e s  w hich  gave t h e  minimum e r r o r  f o r  e ac h
c o u p l i n g  c o n s t a n t .  I n  t h e  p r o c e d u r e  a d o p te d  a l l  t h e
• F Pu n c e r t a i n t y  i s  imposed on t h e  one c o u p l i n g  c o n s t a n t  
{(IIP) c a l c u l a t e d  u s i n g  t h e  p r e - d e t e r m i n e d  p a r a m e t e r
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v a l u e s .  T h i s  a t t i t u d e  h a s  b e en  a d o p te d  s i n c e  an e x a c t  
f i t  of  c a l c u l a t e d  and e x p e r i m e n t a l  c o u p l i n g  c o n s t a n t s  
i s  u n f e a s i b l e .  T h i s  i s  due t o  t h e  u n c e r t a i n t y  i n  t h e
one and two c e n t r e  p a r a m e t e r  v a l u e s  and t h e  n e g l e c t  o f  
Xu ’TTq " i^ e  s p i n  d e n s i t y  c a l c u l a t i o n s .  An i n v e s t i ­
g a t i o n  i n t o  such  a p r o c e d u r e  may w e l l  p r o v e  f r u i t f u l *
1 1 , W MIM Method
An a d v a n t a g e  o f  t h i s  method o v e r  t h e  P-method 
l i e s  i n  t h e  s m a l l  number o f  p a r a m e t e r  v a l u e s  n e e d e d ,  a 
s i t u a t i o n  a r i s i n g  f rom t h e  u s e  o f  e x p e r i m e n t a l  d a t a  f o r  
t h e  on d i a g o n a l  t e r m s  o f  t h e  Cl  m a t r i c e s .  The most  im­
p o r t a n t  e m p i r i c a l  p a r a m e t e r s  a r e  t h e  e l e c t r o n  a f f i n i t i e s ,  
t h e  a p p l i c a b i l i t y  o f  t h e  a d o p te d  v a l u e s  f o r  Aq^q and 
Ac=0 h a v in g  b e en  e s t a b l i s h e d  p r e v i o u s l y .  The c a l c u l a t e d  
t r a n s i t i o n  e n e r g i e s  a r e  n o t  v e r y  s e n s i t i v e  f u n c t i o n s  o f  
t h e  o f f  d i a g o n a l  Cl m a t r i x  e l e m e n t s  w h ich  i n v o l v e ^ ^  and 
^ / aaj ? n o r  a r e  t h e y  p a r t i c u l a r l y  s e n s i t i v e  t o  t h e  
i n t e r a c t i o n  p a r t  o f  t h e  u s u a l l y  l a r g e  on d i a g o n a l  CT e n e r ­
g i e s  w h ich  i n v o l v e  * Where t h e  MIM method i s  l i a b l e  
t o  f a i l  i s  w i t h  a c o m p o s i t e  sy s te m  i n  w h ich  t h e  components  
a r e  s n a i l  a n d / o r  t h e  c o n j u g a t i o n  b e tw e e n  com ponents  i s  
l a r g e #
1 1 , 5  C o n c lu s io n
I t  i s  n o t  r e g a r d e d  t h a t  t h e  p a r a m e t e r  v a l u e s  
u s e d  i n  t h i s  work a r e  by any means .un ique#  I t  i s  q u i t e  
c l e a r  t h a t  f o r  t h e  c a l c u l a t i o n  of  c o u p l i n g  c o n s t a n t s  
much more i n f o r m a t i o n  i s  needed  on t h e  v a l u e s  f o r  b o t h
t h e  one and two c e n t r e  i n t e g r a l s  and t h e  c o n s t a n t s  i n  
t h e  CB and GNP r e l a t i o n s .  T h i s  work may be  d i r e c t e d  i n  
e i t h e r  a p u r e l y  t h e o r e t i c a l  a p p r o a c h  o r ,  a s  i n  t h e  p r e ­
s e n t  w ork ,  on a ’’b e s t  f i t "  b a s i s .  W hile  t h e  l a t t e r  
a p p r o a c h  may be u n a p p e a l i n g  t h e  t h e o r e t i c a l  a p p r o a c h  
has  t h e  l i m i t a t i o n  t h a t  a m e a n in g f u l  e v a l u a t i o n  of  
’’p a r a m e t e r s ” i s  d i f f i c u l t .  However,  i t  i s  b e l i e v e d  
t h a t  i n  g e n e r a l  t h e  r e s u l t s  p r e s e n t e d  h e r e  f o r  a s e r i e s  
o f  c a r b o n y l  compounds s u b s t a n t i a t e  t h e  t r a n s f e r a b i l i t y  
o f  t h e  a d o p te d  p a r a m e t e r  v a l u e s ,  t h i s  t r a n s f e r a b i l i t y  
encom p ass ing  a wide  r a n g e  o f  compounds and d i f f e r e n t  
t y p e s  o f  e x p e r i m e n t a l  o b s e r v a b l e .
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Appendix 1 (6,9)
F@r a ®n@ e l e c t r o n  r e d u c t i o n  ©f a m o le c u le  M i n
an i d e a l  g a s e o u s  s t a t e  M + e  — >  M~ we h ave  »  -A
w here ^  H@ i s  t h e  s ta n d a rd  e n t h a lp y  ch an ge  and A i s  t h e
e l e c t r o n  a f f i n i t y  o f  M*
For a one e l e c t r o n  r e d u c t i o n  i n  s o l u t i o n  t h e  s t a n -
odard f r e e  e n e r g y  ch an ge ^ G  i s  g i v e n  by 
A G  = (GM>S 9 lv e n t  " (GM“ ^ s® lv en t  + ^°e^Hg
G^M^g "^GM_ ^g + G^e^Hg + ^ GK ^ s o lv a t io n
-  O ^ G ^ -) s o l v a t i o n  
The l a s t  two te r m s  a r e  u s u a l l y  d e n o te d  b y Z ^ E g o l  
and r e p r e s e n t  t h e  d i f f e r e n c e  i n  s o l v a t i o n  e n e r g i e s  o f
M and M~*
Assuming n e g l i g i b l e  e n tr o p y  e f f e c t s  
^ 0 °  = A + <g|  )Hg +^ E S 0 l  
I f  t h e  r e d u c t i o n  i n  s o l u t i o n  i s  r e v e r s i b l e  we have
= A g 8 -  RT I n  DM
2 p F DM-
w here DM and DM~ a r e  t h e  d i f f u s i o n  c o e f f i c i e n t s  o f  M and M~ 
r e s p e c t i v e l y  and F i s  t h e  F a ra d a y .
For a g i v e n  m o le c u le  DM ^  DM 
H e n c e ,  F Et red  = A ^ G ° = A + (G °)Hg + A E gol<
From Koopman* s th eorem  A = - ( c x  + x ^ )
The »c« s u f f i x e s  f o r  c X a n d / S  b e in g  u n d e r s to o d  and r  r e f e r ­
r in g  t o  t h e  l o w e s t  u n o c c u p ie d  MO.
A ppendix  2
n -»tr*  C l Terms w i t h  t h e  I n c l u s i o n  o f  ^n-rr*
I8lf
- >
II
SA
1
A
X 3
K ^ 
v v*
II
M 3
o
o
o
o
o
o
1  <*=> 
ii n
4
*
i/ \ii
x
a
3
4
4
*
O
O
J?
° Ko
4cK
5S
O
TrvTo
=\
$
*
9fc
o
^ x  Iti s xv\ 3 ={
" -  . 4
'  4
O
O
O
O
O
O
ii
(I
1
3
^  X 
" 4
*" l
5 ?
4
o
o
-IM
<oC 
4  4
o
fcfxf
n
1"
o £
3
o
>II
r o
it
fc
ii
>
i i
e
i i
x
>
t
«i
a >
7 “
i t
r oII
e
ii
x
T "
•i
'T >
til
X
“IIy
e
•i
< t>
K )
A
PT
<*=»
v\
V
A
PT
n
(/»
V
N>
A
PC
t*
V
I
A
(*=>
->
*/>
V
II
I n
' $
o
2
£>
o
X
*A
-O'T^>
.-e -  
* v  
V*
ro
?o 1'X 
rt> /rV
<A
p^*
-e-y
V
M
185
ft pp A l t  3
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